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PR'EFACE 

During the pifet few years so muc^¥fl!5ul research work has 
boon carried out in metallography, crystallography, electro¬ 
chemistry, colloid chemistry, and geo-chemistry that we are enabled 
to approach the subject of metals in an altogether new spirit- It is 
now possible to suggest reasons for phenomena which at one time 
ippeared inexplicable, and to detect regularities where once the 
facts seemed chaotic. Advantage should surely be taken of the 
new aspgct of the subject in the textbooks. The tfaditional 
practice of giving long “ catalogues of salts ” and empirical accounts 
of me^illurgical processes, is no doubt of use for books of reference. 
But in books intended for continuous reading, such U method is 
far too uninspiring, and should be abandoned now that knowledge 
has advanced sufliciently to offer something better. 

In this book, an attempt is made to correlate cause and effect, 
anft to iotrodueo such theoretical views as will servo to connect 
the known facts in an ordered and elegant sequence. The book 
is intended for the advanced student of inorganic and metallur¬ 
gical chemistry, and for those engaged in research in these subjects. 
The indu.strial chemist will, I hope, also find it of assistance, whilst 
['ei;tain portions (e.g. those dealing with work-hardening, recrystal¬ 
lization, the effect of impurities on metals, and corrosion) should 
prove flseful to the engineer. 

The difficulties which I have experienced in writing the book 
have served to convii^’c mo that the work is really neede^. Much 
information which I regard as being of the greatest importance I 
have found scal|(iercd through the recent volumes of the scientific 
and tethnical journals—in many cases in journals which *are not 
commonly considered as being devoted to chemistry at all, and 
which appear sometimes to have escaped the notice of the wri^rs 
of standard chemical textbooks. 

Of the four ijjlumes, the first is of a gbneralized character. It 
begins with an introduction in which I have endeavoured So con¬ 
dense the elementary principles of general chemistry, phy|ics and 
geology, a knowledge of which jthe reader is assumed Jr the^^dy 
of the ^ork to posses*. The, body of ^olume I is divided into two 
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parts, “ TFe S^vdy of' t^e 'Metallic State v (Metallography) and 
“ The Stuity of tk^ Ionic State ” (Electrochemistry). The met&l-' 
Jograpui.^ ^.ortion includes' the effeVs of Reformation, annealing 
and^lJJoying on the properties of metals; thefelectrochemical portion 
includes such sfibjccts as the structure of precipitateHj the colloidal 
state, electro-deposition and corrosion; it closes with a ohapfcr 
on radioactivity. By the treatment of the me*a!lv>graphy ai^d 
electrochemistry of metals in a general fashion, with examples 
chosen from individual metals, these two subjects are present&d 
in a more satisfactory maimer than if they were introduced piece¬ 
meal in the sections devoted to the dilferent metals. In addition, 
a great deal of wearisome repetition is avoided in the subsequent 
volumes. 

Tlie chapters dealmg with electrochemistry have presented 
special difficulties. I do not believe it possible to obtain a proper 
understanding of the chemistry of metah without sonic knowledge 
of elcctAichemistry and colloid chemistry. In order to throw 
open these subjects to all, I have made the treatment, as far as 
possible, non-rnathematical. A great obstacle to the attractive ' 
presentation of electrochemical principles is the barbarous char¬ 
acter of the nomenclature in use ; I have not felt justified in intro¬ 
ducing a new nomenclature, but have tried to make the ocst of 
the existing terms, selecting a terminology which will be definite,* 
even if it is not dignified. ' 

In Volumes 11, III and IV, I deal one by one with the individual 
metals. The order observed is based upon the Periodic Table in 
a form similar to that made popular by Sir James Walker. The. 
old form of the Periodic Table which classes sodium along with 
copper has now—it is to bo hoped- -few active sujiporteys, althopgh 
it still ornaments the walls of our lecture theatres, and appears to 
find favour with the authors of chemical treatises based ifpon the 
classical model. In the now table, which accords well with the 
chemical and electrochemical properties of the elements and is 
in harmony with modern ideas of the structure of the atom, the 
elements can be divided into three main classes, an^. I have allocated 
^ a diffeifent volume to each class. Volume II deals with the metals 
of the “ A Groups,” Volume III with the “ Transition Elements ” 
(“'iJroup VIII ” of the old table), whilst Volume IV deals with the 
metals of the “B Groups.” 

The space devoted t6 each metal is divided -mto three main 
sections'. The first deals with the metal and its compounds from 
the pojnt of view of the academical laboratory. The pure chem -1 
istrv‘of tha netal and its compounejs is here discussed; no reference 
to ores, technical processes ^and industrial application is Made in 
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liiJ swftion, which is thOTcfore fairly concise. '| 1 J 6 section enas 
with a suihmaiyrfif t|je methoi^^ of an jysis of ijiejirfetalin qin!Btion, 
‘although the book is nbt ifiteflded as a prjictical analy.t’;^'^ hand-^ 
book. 

TUb secoi .'.I section deals shortly with tte terrestcial occunrence 
of the metal in question, starting wiiii its origin in the rock-magma, ■ 
add discussing the probable mode of formation of the important 
or«s and miherifis, both priinp.ry and secondary. 

The third section—which is often the longest—is of a technical 
“character. We sjart with the ore or laini-M-fliTand follow the metal 
through the processes of concentratioft and smelting, and finally 
lonsidcr the practical uses of the element, and of compounds con¬ 
taining it; I have tried to show why the properties of the individual 
metal—as stated in the theoretical section—render it suitable for 
the various uses to which it is put, and to make the technical section 
a correct survey of industry carried on at the present time ; I 
have only referred to obsolete methods of procedure in a i&x places 
where suiSi a reference is thought to be instructive. 

Stre.ss has been laid on thp important points, which have been 
illu.straUcd by a few cho.sen examples in order to avoid burdening 
the reader with a mass of names and numbers, which he will not 
retain, and which can ho looked up when required in a table of 
physical constants or in a detailed book of reference. Proper names 
Rave largely been concentrated in the footnotes, and thus kept out 
of t&o text; I have written a book about chemustry—not about 
chemists. Likewise the figures are frankly diagrammatic, drawn 
to emphasize the salient points ; in the diagrams of technical 
plants much that is of merely structural importance is omitted. 
I have only employed the historical order of description where it 
happens, also "to be the logical order. 

Throughout the book numerous references are given, in foot¬ 
notes, to scientific and technical literature ; tho.se should be con¬ 
sulted by the reader who wishes to study any given part of the 
subject in greahw detai*. In selecting these references, I have not 
given preference to the work of the actual originators of the various 
theories or procesScs, but have sought rather to provide the feader 
with thd most recent information regarding the matter under 
discussion. The recent papers themselves will include referenc«#i 
to the earlier ones, whilst the converse is clearly not true. 

In subjects regarding which disagreement prevails at present, 
I have in most cases departed from the usual custom of gifi5g in 
turn a summary of the views advanced by the various disputents, 
fts this practice is apt to leave the* reader hopnlessly hpivilaeffed. 
Rather, J have endeavoured to “suggest a standpoint which tfie 



Vi PEEFApE 

average readef ^piay safely jidopt as a working h 3 rpothesi 8 , uhlSl 
further reslarcH Sns-lly decides th^ question, un*?er dispute. If, 
^owetSfijE-tfee subject happens to bd ode oi special interest to the' 
rea^r, he should consult 4he references in l|(ie foot-notes, and form 
his twn opinidhs. In these foot-notes, ho will find^ ^iferenchs^to 
many authorities whose viows'-are not held by the present writer. 

As already stated, ^rcat efforts have been made Jo render the 
book as “ up-to-date ” as possible,, but I have jiot concealed Hie 
fact that uncertainty still prevails on many parts of the subject,^ 
and that research is'owRthluaUy being conducty.d to settle these 
doubtful points. I have Endeavoured to prepare the reader to 
revise his own opinions without undue reluctance every time he 
may open a scientific journal. 

I wish to return thanks to the numerous friends who have very 
kindly given information or advice. Especially would I mention 
Mr. C. T. Hcycock, Dr. E. K. Ridcal,^ Prof. H. C. H. Carpenter, 
and Mr.^Mamico Cook. Mr. Cook has prepared the micro-photo¬ 
graphs accompanying Volumes I, III and IV of the book, and has 
shown much skill and patience in obtaining results which illus-^ 
trate clearly the points described in the text. '' 

U. R. E. 

Cambridge, 1923. 
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METALS ANfc) METALLIC 
COMPOUNDS 


INTRODUCTION 

« 

The object of this introduction is to set forth very briefly—and in 
a nori-matliomatical foim—the general knowledge of chemistry, 
physics and geology which, in the body of the book, the reader is 
assumed to possess. It is intended primarily to refresh the memory 
of those whose study of ttec subjects has not been continuous, 
and t(; make them acquainted with some useful conceptions which 
have appeared during recent years. 

Only«those portions of the siilrject aie included which are indis- 
]jensable to the reader w ho wishes to make an intelligent study of 
metals and metallic compounds, and in the interests of economy 
of space, they are treated as shortly as possible. MucJi of the 
j*-evailnjg confusion of thought existing in connection with metallic 
substances i.s due to the fact that the necessary knowledge of general 
chemistry, physics and geology is not acquired before the student 
passes to the partkmlar study of metals. However, those whe 
feel themselves sufficiently familiar with any parts of the subjects 
discussed in the introduction will be fully justified in omitting 
the.sj^ |)ortio^*. Indeed, some readers may prefer, in the first 
instance,, to omit the introduction altogether, and to commence 
their reading at page 136, referring back to the introduction wherf 
they find it neoessarv. Ifrom page 136 onwards, it is recommended 
that reading should be*continuous. 

Owing to the fact that, in the introduction, a vast range bl 
subjects must be lonsiderod within a limited space, it is impgssibk 
adequately to describe the experimental basis or the procesf 
of reasoning which has led to the theoretical views on physics 
chemistry and geology now generally held; the writer has beef 
content nrerely to give an outline of those views in so far as the} 
are needed for the understanding of the pfoperties of metaLi and 
their compounds, * 
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[NTRODUCTION 


Ele^J^'RICITY 

The Electric Current. Electrical ideas arc ‘so frequently 
used in chemistry—and especially in the chemistry of metalsK 
that it is necessary for every chemist to have a^lfir idea of the 
elementary principles of elc(-tricity. Contrary to the common 
custom, we shall commence with the consideration of an elecftie 
lairrent ns furnished hy primary cell. If a ftirhon plate and a 


A 



Electrons sucked in 



I’lc. I. 


zinc plate arc partly immersed in dilute sulphiifie acid containing 
potassium dichromate, and arc then joined outside the liquid by a 
Jong piece of copper wir-e, a current of electricity is caused to flow 
through the wire, as is well known. The causes that underlie the 
generation of the current are dealt with in the latter portion of 
this*vjlume. All that is desired at this point is to give the reader 
a useful picture of the movement of electricity that is involved. 

'Wlft passage of the electric current along the wire may be compared 
t(f the circulation of water through a pipe system, tli^i analogy 
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• 

IMwerti the two cases being show'n in it'i^s. 1 a and^ >B. If a steady' 
(^owiiwan] ])res*\ve ii^ applied t^ the handle of, t|je'])nnP|) shewn in 
Fig. I A, water will fee foree'd (?lit on on*- side, idto the, j)ipe-ei»enit, 
and an eipial anionntlsnehed in on tine other >iide. "The rafc of 
(drefilation tl^j'ongh The pijae de|H.‘nd.s on the force ajeplied to*the 
handle, the iininediate can,si' of the eireulation being the differenee . 
of jiressnfc j)/odneed on the two sides of tl»' ]iislon. 

•Now eoinparl^ the action e^l' the " diehromate cell,” shown in 
Fig. 111. It is hAieved that the cell forces out along the wire a 
stream of eleotroi^s (or particles of negative electricity) at the zinc 
jiole (the so-called “ Negative I'ole jftid that it .sucks in an lapial 
nnniber at the carbon pole (the so-called “ Positive Pole ”)■ T'his 
How round the cirenit. imrst be considered as due to .something 
analogous to the dilTerence of pressure e.visting on the two sides of 
the jiiston in the jmmp. We say, therefore, that a Difference of 
Potential (or P.D.) e.xists between the zinc and carbon plates, 
and we look upon this I’otential Difference as the cainie of the 
move.monT of electrons round the circuit. The Potential Differenee 
is commonly measured in wi/tv ; the " dichromate cell,” described 
above.^n'oduees a P.l). of 2'12 volts ; hut the Dainell ceil (consisting 
of jdates of zinc and i o])]K'r, iinmer.scd in solutions of their respective 
sidjiha^'s) is lesjionsible for a FM). of only about half this value, 
namely, I-OlMi volts. 'Ihe P.D. of a cell is also spoken of as the 
Electro-motive Force (E.M.F.), the forde that drives the current 
round thi circuit, or simply a.s Ihe " Voltage. ' 

Now. in the case of the watci'-eircuit.. Ihe quantity of water that 
Hows does not dejiend merely on the picssure apjilied to the pumji- 
handle, but also to the length and diameter of the pipe. If the 
pi|)e is a short and stout one, a small jiressure will serve to jmsh 
roulid ikgrei.l deal of water each second, whilst, if Ihe pipe be very 
long orwery thin, the flow is obstructed, and the same pressure 
applied to the jnnnp produces a much smaller circulation of water. 
Exactly the same thing haj)|«‘ns in the case of the electrio circuit ; 
if the copjier wire is short ami stout., the cell will give ahigh current; 
but if the length of the wire is increased, or the cro.ss-scction reduced, 
the current is to a corresponding extent diminished. The sttength 
of electric current which is proportional to the number of 
electrons llcAving pa.st a given point in the circuit each second-,- 
is in practice measured in “ tmperes:' It is found that the current 
(C) sent out by a cell over a given circuit, is proportional to the 
Potential Difference (E) provided by the cell in question fliis is 
known as Ohm’s Law, and may be expressed, 

’ 0 « * 1 . 

Thus, 8i*ce the dichroinate ceB tia.,s about twice the IC.M.F. of Ihe 
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Danieli ccii, iiie lormfer^will force about twice as much burreiVt 
over ithe sUme thiu piece oii wire as will the latter.' Th,«, 
magnitude of the K.M.b'. required lb force a current of one ampere 
ovei a given'cu'cuit is a measure of the rcshitance of that circuit; 
resistance is pleasured in ohms. If we express' the K^M.F. of a'cqll 
, in volts, the current produced by the cell in amperes, and the 
resistance (R) of theentiro circuit in ohms (including^ the internal 
n'.si.stance of the cell), Ohm’s Law may be written 



The reciprocal of the resistance is the “ conductivity,” which is 
measured in “ mhos ” or “ recijirocal ohms.” 'I’he conductivity 
of a circuit e.xpressed in mhos is numerically equal to the number of 
amperes which are forced over it by an hl.M.F. of one volt; if 


the resistance of a cii'iniit is R ohms, it^ conductivity is 


I 

R 


mhos. 


The resistance of a circuit does not depend merely on the dimen¬ 
sions of the bodies composing it, but also on their nature. If, for 
instance, tlm copper wire of the circuit described above is replaced 
by an iron wire having identical dimensions, a much smaller current 
is forced through it by the same cell. In other words, irijn has a 
lower conductivity—or a higher resistance- -than copper; the 
specific resistance of a material is the resistance of a piece 1 cm. 
long, and of 1 sq. cm. cross-.section. The table below gives the 
specific resistances of a few common materials ■ 


Cof»j>er (Aiuiealed) . 

Specifle Resistance. 

P59 >• 10-« 

Iron (Wrought) 

0 0 > 

: 10-“ 

Carbon (Graphito) . 

N ivrios from 4 > 

!0-^upwnrds 

5% Hydroohloric* Acid 

2-r>:i ' 


Pure Water (froed from 

.Ivctl 


Ruiwtauof's —Wcilatid) 

I 40 > 

; 10^ 

Paralliti Wax 

:5 

](>J« 


The current C which is foi'ced by an E.M.F. of E volts through 
a conductor of length I ems. and m-oss-section a sq. cms. made of a 
materfal of specific resistance, k, will be, by Ohm's Law, 




E 

R 


E 



a 


Eti 

amperes. 
Jc I 


TlfOsje substances which have a very low sjiecitie resistance arc 
called conductors. The metals are by far the best (a)nduidora of 

1 . y 

* It is assumed f6r simplicity tliat tho resistanoo of tin* exlernal circuit 
is nigh compared to fhat of tlie ceiife'. '* 
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pbct.ricity, and^ among l.liem silver a1id«copj)cr liavo the lowest 
itcsistancc. ApaH fitmi tl\p jjjAals, few solii s«l)stan!es ecfluluet 
electricity well, the most important oxS^tion ?icing carbon, fthicli, 
is a,very useful con(Juitor for many purposes. • 

•Many subs*anoes such as glas.s, porcelain, oil, wax,-rubber, resin 
and ebonite do not conduct electricity to any appreciable extent.. 
They are usedy;o support, or to cover, thti metallic conductors 
along which electficity flows,»with a view to jrreventing leakage, 
ahd are therefore called insulators. Air and other gase.s can 
generally bo rega»fled as good insulators, although if the potential 
difference between two conductors .separated by air is fairly high a 
certain appreciable leakage of electricity docs take place across the 
air-space ; and, if the E.M.P. is raised higher .still, the electricity 
may jump across a considerable length of air as a spark. 

Solutions of salts, acids and bases in water constitute a third 
<'lass of .substances. They,conduct electricity, but suffer chemical 
decmmpo.ijtion in tlu; jjroee.ss, and are therefore called lelectro- 
lytes. 

The.Effects of an Electric Current. The passage of a current 
through a (smductfU' is made manifest ii\ various different ways, 
which w’ill be mentioned in turn 

(1) 1'he Heating Effect. The whole circuit is heated by the 
passagi of a current, but th(> heating is most intense where the 
resistani '• is highe.st; if part of the ciroiit consists, for instance, of 
a very thin filament of tungsten, this may become so hot as to give 
out light—a fact which is utilized in the electric glow lamp. 
Th(‘ heating effect of a cuirent is also emj)loyed in th(' electric 
furnace. 

(2) 'Ehe Chemical Effect. Many .solutions are decomposed 
when eftctricity passes through them : thus, when a current is 
forced through a solution of nickel chloride, it becomes split uji 
into nickel and ehloripe, which ap()eai' at the points w'hero the 
electron stream enters and leaves the solution. The chemical 
effect of a current—of which advantage is taken in electro-plating 
and many otlur branches of industry—is fully discussed'in the 
latter part of the present volume. 

(3) The Magnetic Effect. If a coil of insulated wire is w'ouiwl 
round a bar of iron, and a current is pa,ssed I'ound the coil, the 
bar becomes a. “ magnet. ” and acquires (he ])ower of attracting 
other pieces of iron. Much of the magiretism is lost wIkui the 
.current is turned off, but a portion always remains. If the^yar is 
of soft iron, it is liable to lose tliis^” fesidual magiftdism ” pn keepjpg, 
especially if subjected, to roupi usage,^ But if the bar is of hard 
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stool, it will roUiii its atfratftivc power well, aii<l cjiii be ‘taken out 
from'the coil aiif. used as a perrtij>,n^nt m%i^n€t. 

, 'rife attractive power of,it' magnet for iron is more or les.s confined 
to ^I)c ends of the ■bar (the “ poles ”). If a hiir-piagnet be .suspended 
at its centre»by a string, it sets itself with the poleii in a certain 
. direction (nearly north and south) determined by the magnetism 
])os.ses.spd by the earth. 'I’lie jwles can thus classjfif^l as “ north ” 
and “ south ” poles. If a second iftagnet be buought near to t^ie 
suspended magnet, it is found that two like poles (e.g. two norttf 
poles) will rejjel one another, whilst two unlik# poles (one north 
and one south) will attract one another, 

'I’be magnetising effect of a current is nsed in electric bells, in 
numerous telegraph and telej)hone instruments, and in electro¬ 
magnets. 'riic electric motor is another ajiplication of the same 
principle. 

If two circles of wire be suspended, ^ind an electric c\irrent be 
liassed through them, it will be found that tlu'y attract obc another 
if the current is passing in the same direction in both circles, but 
that they repel one another if it is ])assing in op])ositc dirgetions, • 
'I'his ))henonicnon is idosely connected with the magnetising power 
of the electric current; the circles may, in fact, be regarded as two 
very short and stout magnets. ' 

Furthermore, if a suspended or pivoted coil is placed between, 
the poles of a U-shaped permanent magnet and a cnri'cnt is jrassed 
through it, the coil will tend to .set itself with its axis ]iarallel to 
thcline joining the poles. 'Fliis effect is employed, in the “ Moving- 
coil Galvanometer ” (Fig. 2.v), for the measurement of a current.. 
'Ihe current to be measured is made to pass through tlu^ jiivoted 
coil, the movement of which is controlled by a spiral siiringy a 
pointer is attached to the coil, which, moving over a 'suitable 
engraved scale, indicates the strength of the current ]>assing through 
the instrument. 

The scale may be engraxed to indicate thn strength of t he current 
in amperes directly ; such an instrumient is then called an “ am¬ 
meter.” The resistance of an ammeter should bo low, so as to 
add as little as possible to the total resistance of the circuit. 

Since the current pa.ssing through any galvanonu'ter is detcrmiiuxl 
by the F.D. whkfii drives the current through it, the scale of a 
galvanometer can, as an alternative, b(^ engraved so as to show 
the Y’ltagi' applied to'it. Such an instrument then constitutes a 
voltmeter. (inly a gidvanoincter of h'njh resistance should )iroperly 
be UjSjd as a voltmeter for reasons which will be explained later; 
unfortunately, matiy so-called * voltmeters ” have not nearly such 
a high resistance as would,be desirable, • * 
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A single galvanometer of intejmcdifitt^ resistance* and extreme 
sensitiveness can* made ^to^ function at will either‘as a* low 
resistance ammeter, or as a high ne^istaribe voltmeteil by 
meags of accessory ■yifo coils of suitable resistance. ’If a coif of 
liigli resistaiK* compared to that of the galvanometer be placed 
■‘in series,” with it, as shown in Fig. 2b, only a fraction of the 
total potential djop between T and T' falls o^er the galvanometer 
|)ropcr, and tlic catnbination l*f-comes a high resistance voltmeter 
nf'medium sensitiveness. If, on the other hand, a coil having a 



)J t'lo. C 


resistance, low compared to that, of the galvanometer l)e (•onncctcd 
as a ‘‘ shunt ” (see Fig. 2(j), only a fraction of the total surrent 
passes ttirough the galvanometer, and the combination becomes a 
low-resistance amtneter of medium sensitiveness. The scale of the 
galvanometer is niad(! to read volts or ani|)eres directly, allowance 
being made, of course, for the effect of the se|ies or .slnint resistances. 
Energy. .Any body or system of bodies uhicdi is in m«l.it)n, or 
is capable of producing motion, is said to possess energy, A moving 
train possesses kinetic energy, by*virtue of its motion. ^ A mJss of 
water in*a reservoir at a higli level possesses potential energy, 

t • 
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for, whilst HcTvyng dowij, W a low level, it can be made to drive a 
water tuAine.' fA.heap of coal ^^sesses ch^mfcal energy, sintei 
it cnn be burnt td'prodijw heat energy, which in its turn can be 
used to cause motion in a steam-engine. Tfto electric cell furnishing 
a current—«a described above- possesses electricci energy, for ' 
the current can be used to drive a motor. 

Different forms energy can be transformer^ te, one another. 
The follouing table shows the naene of some, machine, or some 
operation, in which the various transformations are carried out*. 



All these forms of energy are convertible to one another, according 
to a definite “ rate of exchange. ’ Electrical energy, as wit shirtly 
be explained, is conveniently measured in joules ; hcat'energy is 
measured in calorics, a calorie being the amount of heat needed to ‘ 
raise the temperatun: of a gram of water,by 1°C. If we convert 
electrical energy to heat energy, we always find that one joule 
prodtjced 0-24 calories of heat, however the transformation is 
effects:!. The same sort of relationship apj)lies to other transforraa- ■ 
tions of energy. Apparent exceptions are easily explained. For 
mstance, if we are converting electric energy to mechanical energy, 
one electric motor may prove of more value than another ; hut this 
is not because the “ jate of exchangi^ ” i.s different in the two 
motors^ but because the leas ellicient motor allows more of the 
electrical energy to be converted to heat, thus diminishing the 
amoObt converted,into mechanical energy. 'J'he energy is not lost; 
it fe merely converted into a forili which is not desired.* 
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“ Heat ” is, in fact, a form of ODjCrgy fvhfch is continually apj)ear- 
i*g when not de*rei^.* It is c^jrfimonly said to fcf! a “ degraded ” 
form of energy, because it is only posstljlc .to convert it to (fther 
form^ to a limited extent. When, for instance*, we attempt*,to 
convert heat aiergy into motion in a “ Heat Engine,” we find that 
the conversion is only partial. However perfect and frictionless 
the engine mj-y Ijp, it is found that only a fraeflon of the heat taken 
up*in the “ hot resiervoir ” (e.g. Hie boiler) can ever be converted 
kik) mechanical energy. The remainder passes, uin'onverted, into 
the “ cold reservoi*” (c.g. the condenser). 

The designer of machinery is mainly concerned with the avoidance 
of accidental conversion of energy into heat. The conversion of 
kinetic energy to heat through friction is minimized by the lubrica¬ 
tion of the bearings. The conversion of eli'ctrical energy to heat is 
I'educed by keeping low the resistance of the conductors, and in 
other ways. Hut in no nif.^hine is the ai)|)eai-nnce of heat entirely 
prevented ^ * 

Sources of Electrical Energy. In some eonntries the electrical 
energy which is required for industrial and domestic purposes is 
doi’ived from the ])otential energy of water at places whdre a stream 
de.sccnds rapidly from a high to a low level (e.g. at a waterfall): 
the wat*r can bi' made to drii c a water turbine, which in turn will 
(irive the dynamo that generati's the electric current. But in 
countries where there are no sti'oains with beds of steep gradient, 
electricity is usually derived from the chemical (uieigy of coal. 
The coal may be burnt beneath boilers, and the steam utilized iii 
driving st(‘anr-engines wliieli work the dYuamos. Alternatively, 
the coal can be used fo?' the maiuifactui-e of a combustible ga-s, 
suitable foi' (tjinsuinptiou in infernal combustion engines, which 
will servF to drive the dynamos. In either case only a small portion 
(perhaps*10 to 2.') per cent.) of the energy stored in the coal actually 
appears as electrical energy : the re.st is lost in the form of heat 
energy at some stage in kite transfonnation. Attempts to carry out 
the direct convc'rsion of coal enorgv to electrical energy have 
hitherto failed.' 

Practijally the whole of onr electrical enci-gy is thus generated 
by means of the dynamo ; that machine, which cannot be described 
in detail at this point, will be referred to again in the section on* 
magnetism in Volume III. It may bo mentioned, however, that at 
most large inodern generating stations the el(*etrie {'.urrent generated 
by th(! dynamos is )iot a continuous curront, but alternating w'rrent, 
the direction of the movement of the electrons in the circuit Jjeing 

‘ For history of these uttonipt.s, K. Ridoal amt U. U. F\duis, TriMa. 

Faraday f9c. 17 (1921), MiB. 
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reversed at ^(jquent in^erVals, ^perhaps fifty times each second. 
Thetfifferr'nt tne#h»ds of transmitm^g e^lcctrioa^ cifergy (as one-pha<#* 
or tliree-phasc alternately current) will be referred to again in 
Volume lit. • • . 

For certain purposes, especially where it is desired to utilize the 
“ chemical effect ” of electricity, the alternating current—being a 
mere surging of electrons to and fro about their ijjcaij positions—is 
useless ; a continuous current, in which the electrons travel forw%,rd 
steadily in a single direction, is demanded, and for such cifses 
continuous-current generators can be providcdi Small quantities 
of electrical energy, if generated as continuous current, can be 
stored conveniently by means of the lead or nickel acoumulator.s, 
de.scribcd respectively in the seotion.s on lead (Vol. IV) and nickel 
(V'ol. Ill); there is no elfcetive method of storing large quantities 
of electrical energy. Often it is convenient to use a serie.s of lead 
.leoumulators (preiiously charged by means of a dynamo) tc.) 
provkW current in cases where only a small K.M.F. (le.sg than, say, 
12 volts) i.s called for ; the aecunudatoi's provide a very steady 
K.M.F., which is usually a great advantage. Where ^ large* 
K.M.F. i.s'required, the current is commonly j)rovided directly by 
a continuous-current dynamo. Although an accumulator is certainly 
t lu! most economical-- and usually the most convenient—rC-ethodof 
obtaining a steady K.M.F. of a few volts only, “ primary cells ” are 
often used for this purpose, especially for the lighting of small 
pocket torches. One form of primary cell (the “ dichroraate cell ”) 
was mentioned at the beginning of this section, and other more 
portable forms will be described sulweqnently. In all forms of 
primary cells, bovver er. tin' production of curient d(q)ends upon the 
o.xidation of metallic zinc ; since the zinc ha.s previously been 
brought to the metallic condition by reduction vvith fjoal, the 
electrical energy generated by primaiy cells is ultimatety derived 
from the cbemical energy of coal. But this method of transforming 
coal energy to electrical energy i.s far mor» wasteful even than that 
in which a heat engine is employed ; probably not moi'C than 
per cent, of the energy of coal is recovered in the form of elec¬ 
tricity. , 

Units of Quantity, Energy and Power. It is po.ssible to show 
•that the energy rtajuired to forces a volume of water, V, round the 
water-circuit shown in Fig. 1 a is equ.al to 



wh^ljp P is t.he difference of pressure on the two sides of the pistop. 
Similarljithc enetgy needed tfl force a quantity of electricity round 
the electric circuit of Fig. 1 b is the product of the potential 
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liffiaviK'o ” (E) ciiiiws 1h(‘y'-irciilfvti(?'ii, iuid i.lio (juaiitit^ of 

l?l'trk ity (Q) forofd Vdiind the circuit. Thus th^ electrical energy 
s equal to 

M x Q 

lut Q, the quantity of eleetrieity, is equal to the strength of current, 
inultiplie'd l^y tlu^ time I, during which it H«\vs, The energy is 
heftfore. equal to 

E(.V, 

I’he ■■ I’ower,” or rate of pi’oductiou of eiK'igy, is equal to 

Energy ECV , 

Time I 

It is now necessary to hecoine familiar with the units of " (hiantity 
if Electricity,” ” I’ower” aiul ''Electrical Energy'' eommoidy 
inployed ; all are sinqily rehftcd w ith the units of (.'urreiit, Pojential 
nd Hesistiftice which ha\(> been introduced above a - 
, The Unit of the Quantity of Electricity is the Coulomb or 
Vinpere*Second. One coulomb of electiricity )iasses il point on 
he- circuit, each second, when a current of one amjiere is flowing. 
I’hc change of a single electron is only about I •.")!) 10''® coulombs. 

•The Units of Pow'er. The Watt is the Power developed when 
me volt fiTce.s a current, of one ampere round a circuit; the power 
s always obtained in watts by nndtiplying the cummt (measured 
n amjieres) by the E..\1.F. (mca.sured in volts). 

The Kilowatt, often a more convenient unit, is equal to l,(M)t) 

vatts. One Kilowatt is equivalent to about I ), horse-power. 

• 

The Units df Electrical Energy, 'the Joule, or Watt-Second, 
he energ? e.xpended when one watt is exerted for one second, is 
in inconveniently small unit. The Kilowatt-Hour (K.W.H.), 
he energy ex[>ended wlten a kilowatt is exerted for an hour, is 
■ipial to IM) :■ lO'i joules, and is the unit by which electric energy 
a bought and sold. 

Distribution of Potential over a Circuit. If the external 
■ircuit of <a cell consists of one long uniform wire, the potential 
Irop along it is uniform, as e.xpres,sed graphically in Kig. 3.\. If, 
lovvever, part of the circuit he composed of thinner win', or of less 
•onducting material than the rest, the poti^itial gradient wili he 
itcejier over the poor conduetor, as shown in Kig. liu. *n the 
'jtreiue ease, when one |)ortion of the circuit, consists of a very*yiin 
■onductor (e g, a lamp tilamentj,.the remainder lieing stwit w'ir», 
practically*the whole o^the volts fyruished by the cell may 
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fall oveiM.lu' Waniciit ;♦ sudi a\^.ate of alfaii'i is,shown in Rig, He. 
The current 'C*iij,*constant tl)roujfhout the* »ircto ; and since,‘by 

* K* < * 

ohm’s Lifw, Q = it folhnvs that K, Vhe Potential Difference 

♦ • R • • 

falling over any given portion, is proportional to .ft, the resistance 
of that portion. 

If the internal resistance of the cell be appretiaCfe compar^ to 
that of the external circuit, an appreciable fraction of the Potential 
Difference will fall within the cell ; thus, in measuring the E.Sl*K. 
of a cell with a voltmetef, it is essential to enfjffoy a voltmeter the 
resistance of whieh is hifih compared to (hat of the cell in question. 



I'm. 3. 

Generalized Form of Circuit. Electric ity is used for all sorts 
of purposes ; but, almost always, the ajifaratus is joined up in the 
same sort of way. It will be convenient at this point to show the 
'eneral arrangement of a circuit (Fig, 4). 

First of all, we require a source of current. This may consist 
jf a row of cells such a.s have been de.scribcd above; if so they 
will probably be joined “ in series,” the zinc of one cell being joined 
to the copper of the ne.xt, and the outside ti'rininals of the two cells 
.it jach end of the series being joined to the external circuit. In 
the diagram ,a “ batti.uy ” of three cells joimsl in series is shown ; 
th^j will give, three times the E..\1.F. of cam cell, but will notfurn\/ih 
quite three finu^i the currenf, because the resistance of the e.xtra 
cells will be added to tha^of the circuit. Often in praeti^b, however, 
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the source ot current A)es not consist of pwra^ry cells, tnit “ accumu¬ 
lators ” ; if the EJVlto^ requii-ed^j more than ahpiit 12„voltii, a 
dynamo ” will probhhly hd uScd. , , 

From 7j, the so-called '‘negative” tcu'uiinal of the “source of 
.curreift, the ejjudron-fstream jjasses to a variable resistan£h 
consisting of a coil of wire wound on a long frame made of an 
insulating material; a sliding contact moves alijiig the coil, and hy 
regulating the potion it is possible, at will, to make the current 
pasii through any desired fractional part of the coil; the electron- 
stream next passes Jhrough an ammeter. A, and thence to the 
work, ’ and finally is sucked into the ” i*,iurce of current ” at the 
so-called positive ’ terminal, ('. A small switch, S, is tisually 
inserted in the (arciiit , which allous the currenf. to he intei'i’upte'd 
at will. 


The “ work ” is, of cour.se. Source of 

the apparatus or machine Current 

which it is (tesired to oper¬ 
ate by me^ns of the em- 
rent; it may an electric 
furnace,* a plating-bath, 
or a motor. A voltmeter 
is showjj joined up ‘‘ in 
parallel” with the ” work." 
and is used to indicate the 
potential dilTerenee applied 
to it ; the reading of the 
voltmeter will not in general 
bo as great as the full 
I'l.M.F. of the cells or dyna¬ 
mo, be<!iku.se •part of the 
potential • differenra- |)ro- 
•vided by the cells or dyna¬ 
mo will fall over the vjyi- 
able resistance, and ))idliably another part over the interior of the 
source of current. 



. The object of thi! variable resistance is to enable the operator 
to adju.st the current, until the ammeter shows that the desired 
amount is flowing through the ” work.” It should be noticed that, 
of the current passing through the ammeter, a certain fraction leaks ' 
through the voltmeter, and does not pass t]irough the “ work ” ; 
if, however, thr^ resistance of the voltmeter be high comparei to 
that of the work,” this will be a negUgiblo quantity. 

Free Electrons. There is .still # little unce»tainty ^jigardine 
the way i« which the jelectron^sfream passes through a mfUtlEc 
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conductor.^ ilt is, however, significant that Ue have independent 
(cli^micfkl) rea'sgns for tliinking tljat, in a imstai, ^otne of the clectrejis 
ars by no means /irmly t;xed to tl/o nVoni; I(le description given at 
the commencement of t'liis seetion, whieli tuggests that a stream of 
itibre or leas free electrons passes through tKc inteijor of a nfetallic 
conductor when an E.M.f. is applied, is probably veiy near to the 
truth. We also kn<)w that the atoms of non-metalljc substances do 
not readily part with their electrons, and it is significant thattsuch 
substances arc practically non-conductors of electricity. , ,, 

Concerning the passage of electricity throng^ a gas we have much 
more definite know'lcdg». ft has already been stated that gases 
are not conductors of electricity in the same sense as metals, but 
that if a high E.M.F. is applieil to two metal plates separated by 
air or other gas, a considerable discharge, takes place across the 
space. If the pressure of the gas between the plates is very greatly 
reduced, charged particles known as “ cathode ray particles” are 
expell/‘d at high velocity from the ^Surface of the negative pole, 
or “ cathode,” into the exhausted space between the pfates. '.I’liesc 
cathode ray ])articles are nothing hut free electrons. ]5y means ^il 
careful ei'periments upon cathode rays and .similar jilfbnomena, 
the properties of free electrons— or '■ atoms of negative electricity ” 
as they have been called—have bi'cii studied in detail ; {heir mast 
and charge are both well known. 

Electrostatic Charges. Electrons are believed to enter iut( 
the conniosition of all substanta's, lieing important constituents ol 
every kind of atom. The \ibiquitous charaotci' of electrons it 
suggested by the well-known and very general phenomenon ol 
” electrification by friction ” ; if glass be rubbed with silk, oi 
sealing-wax with flannel, both the rubbed object,and the rubbei 
are found to be ” charged ” with electricity, and have tlfe. jtropeit^ 
of attracting light objects. One substance has become itositivel^ 
charged,” the other ” negatively charged.” The so-called negativdj 
chargrtd substance has, it is thought, aii', excess of electrons ovei 
its normal quantity, whilst tin' so-called positively charged bodj 
has a corresjKjnding deficit. 'I'he frictional method of produciiif 
elecfrification is of far less practical utility than the methods whicl 
generate a steady current, but the former method has led to oui 
knowledge of the laws of static charges, as opposed to tho.se o 
currents. It is found that two bodies charged with opposih 

electrifications (one i. being positively, one negatively charged 

# 

' trtie subject is discussed by Sir J. J. 'I'homsoii, Inst. Met. 14 (191C), 3 
aii^by C. A. F. Beiiedioks, .7. Inst. Met. 24 {192{q, 7, The interesting view 
of I; A. ^indernttUK, M<ui. If) (1915), 127, may l,)e studied with advan 
tago- 
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attract ^ch other ; fcut that like charged JjodieH repd each other. 
Tie law is, of couti^s f Is^ely analo^us to that relating to the forces 
I)*tween magnetic pores. * ' 

Free electrons arc alsc^cvolved .spontaneously froip incandescent 
.bodils. They^arc gehorated when ultraviolet light strikes on a 
metal placed in a highly exhausted vessel. Finally, they arc 
produced ofintipuously as streams of “ fi-ray pa*tiole.s ’’ from many 
of tfce radio-active substance; considered in the last eha))ter of 
tly% volume.* 

Thermo-electri^ty. At the present si age it is eonvenient 
to refer to the thermo-couple, 
which was mentioned above in 
the table of energy-transformation 
processes, as an instrument in 
which heat energy is conveitcd to 
electrical energy. Whilst. ^ how¬ 
ever. only ;^ii academic interest is 
attached to the thermo-couple as 
» |)ro<lucei' of electrical enirgy. it 
])Ossesses i-onsiderable [u-actical 
importance (in the form of the 
‘thermo-ciectric pyromete]-) as an 
•iniitnm)'’nt for measuring tempera¬ 
tures at a I'ange too high for thc' 
use of orumary thermometers. 

Whcpi two metals ai'e in con¬ 
tact, the.ris generally exists at thi‘ 
common surface a potential ilitfer- 
tmee, the )n;ignitude of which 
depends 6n tBe h'lnperatun'. In 
the arrangement shown in Fig. 

*au electric, circuit is made nji of wiri's eorniiosed of two metals 
A and 15, which are uniked together in two pl.iees. .Ij and .1.^. If 
these two junctions arc kept at thc same tcmpi'rature, the IM). 
between A and li at Jj is exactly balanced by the IM). betwp'cn 
15 and A,at Jj, and there is no residtant K.lthF. If, how’*\-er, 
.f, is hotter than Jj the I'.l). .at ,lj will not be equal to that at J.. 
find a cuiTf'nt will be produced which will canse a deflection in the 
galvanometer G. As,suming that the. metids A and 15 have been 
suitably chosen, the E.IVI.F. of the combination will increase steadily 

r The comiectioii between these difEerent ways of electritication is discussed 
bji I. Langmuir, Tram. Amer. Soc. 29 (1916), 125. Retoftice 

may also be made with advantage to J". A. Crowther"^ Book cii '' lony, 
Electrons a»d Ionising Radiations(Arnold). 
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as the tempefature diSejeniie is increased ; anJ if the cold Junction, 
J,, is kep* at a c*mjtant temperature, the ma^gnitude of the deflectijui 
can be utilized to Indicate,the tem^era'ture of *he other junction, J 
•The arrSngenjent used in practice for tneasuring temperatures 
is'a little more complicated, but depends 6n the ^ame priifciple. 
The matter will be discussed further in Chapter III, which deals 
with pyrometry. 
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1I*Thk Elements and theer Modes of Combination 

• 

Chemical Combination. Elements and Compounds. The 
inlinite nimibM' oi materials with whicli man is acquainted may 
he regarded as l)uilt» iq) hy the eoiuhinatioii of a limited iiumlitT 
of*sftlistanees which, having for many decades defied tho efforts 
of chemists to break^hem up further, havejbeen styled “ elements.” 
Jlecent investigations in radioactivity make it impossible to con¬ 
tinue to define an element as “ a substance which cannot be broken 
up by any means ’ ’ ; but those investigations have not altered 
the fact that it is convenient, for nearly all purposes, to regard 
the eighty-six elements as being the ultimate materials from which 
all other materials (" conipo«nds ”) are built up. ^ 

When tw'ikelements combine to form a compound, the majority 
of the properties of the elements disapjiear ; th<^ compound usually 
if semhlcf^ neither element. This los,s of identity is Jhe main 
characteristic of chemical combination as opposed to mere 
admixture. 

' For instance, when sodium- a metallic-looking substance, which 
is violently attacked by water- combines with chlorine—a greenish, 
odorous, l.iihly reactive gas- -the product is sodium chloride, a 
white, crystalline, soluble salt possessing neither the physical 
appearance nor the high reactivity of either component. Probably 
the only property which the constituents retain entirely unchanged 
in the combined state is their mass ; tho mass of sodium chloride 
jiroduced is found to be equal, within the limits of experimental 
error, to the sum of the masses of sodium and chlorine used up, 

^ iSueh a case may lie compared with the admixture of ethyl 
alcohol and methyl alcohol; when equal weights of these sub¬ 
stances are stirred togctlter, the product has properties exactly 
intermediate between those of tho components; the specific 
volume, for instance, of the mixture lies exactly half-way betwen 
the spocifie volumes of ethyl alcohol and methyl alcohol.^ No 
appreciable-shrinkage or expansion occurs on mixing. 

'IVo extreme instances have been given; in certain cases, ad¬ 
mixture is accompanied by indications of chemical reaction, but 
the formation of a definite compound is not easily established, tlf 
equal masses of chloroform and ether are mixed, the product liits a 
voljime which is not the sum of the jolumes of the componeJIfe, 

* S. Youngs "Fractional PietUlatiob” (Macmillanl. o. 40. See also J. 
Walker, Brit. Assoc. Bep. 1811911), M9. 

M.O, -VOL. I. 
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but no very violent triHisformation of propeflios oocursT In such 
doubtfurcases,'’th(! evolution (or absorptfhp) tif heat is a useful 
si^n that some sort ofclfefnical change is occurring. When chlorine 
a'As on sodium; the substances get so hot as to emit light. VVhen 
chloroform and ether are mixed, a small but distifict rise of tern- ' 
perature takes place, whereas in cases of pure admixture (such as 
that of ethyl alcotiol and methyl alcohol) no heat-eflect can he 
observed. ' 

Of the eighty-six elements, .all except about seventeen are kifowii 
as metals. Metals possess a peculiar lustre, ,vn opacity to light, 
and a high conductivity for heat and electricity- projjcrties which 
are, for the most part, not possessed by the non-metallic elements. 
Metals differ very remarkably from non-metals in their chemical, 
and even more in their electrochemical jiropcrties, 'J'he dis¬ 
tinction between metals and non-metals is, however, not a sharj) 
one; certain elements, such as iod’iie and tellurium--which in 
this liook are treated as non-metals—have considerable claims to 
the title of metal. 

The Laws of Combinations and the Atomic Theory. A 

most important characteristic of the simpler chemical compounds 
is their fixity of composition. For instane(‘, sodium chloride, 
however prepared, always contains sodium and chlorine in the 
proportions 23 ; 3540. If a larger quantity of either eomstituCnt 
is present before combination occurs, the exce.ss remains uneoin- 
bined after the reaction, 'i’here are many classes of sub.stance, 
for instance mixed crystals, in which the fixity of composition 
appears to be absent ; but, in .spite of these; apjjarent exceptions, 
the “Law of Definite Proportions” remains tln‘ basis of all 
((uantitative chemical .study. 

The proportions in which tin; elements combine disjjlay certain 
regularities which can .scarcely be fortuitous. 'I’wo compound^; 
of copper and oxygen are known. In one of these, laiprie oxid(;, 
the elements are present in the jiroporlions U3-57 : lO-OO ; in the 
other, cuprous oxide, they arc present in proportions 127-14 ; 10-00. 
Thuc cuprous oxide contains exactly twice as much copper as does 
cupric oxide. This is only one single example of tin; yfry general 
“ law of multiple proportions.” 

Even more suggestive is the “ law of reciprocal proportions.” 
Sodium and chlorinp combine, <as stated above, in jnoportions 
23‘. ^6-46. Sodium and iodine also combine, in proportions 
23 :126-9, forming a compound known as sodium iodide. Now it 
h^pens that chlorine and dodine themselves unite to form the 

« 

1 tv „.,.i A uM... O'! AK 
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compouiia iodine cli'oride ; ajid if i<(lii» cliloride*))e analysed 
Hie two cleinonts *i»e !o«nd to bo present in the pr*[)ftrliofis 3546 : 
120-i), \ *, . * 

The eoncliision is almost irrestible that sodium, elAorine 
• icxline exist iimature, so to speak, “done up in bundles,” whose 
weights are in some such ratio as 23 : 35-46 : 126-9, Dalton’s 
Atomic Hypcjth^is puts the idea into delinif* form. i\ceording 
to fliis hypothesis a^l siibstaneesiare sup|)ospd to consist of minute 
particles or atoms. The relative- weight of the atoms of the sub- 
staiiees mentioned jbove are supjiosed to be sodium 23, ebiorinc 
35-46, iodine 126-9, o.vygeii 16-00, eojijier 63-57, Of the two 
i-ompounds formed by oxygen and copper, cupric oxide is supposed 
to (-onsist of oxygen and eoi)iH“r atoms in cijual numbers, whilst 
cuprous oxide is belie\'(-d to coidain tu ice a.s many copper atoms 
as o.xygen atoms. Kxjiressing the copper atom by the symbol Cu, 
and the oxygen atom by 0. ^e can represent cuprous oxide by the 
formrda OujO, and cupric oxide by the formula Cut). • 

.Some years ago it was customary to take the weight of the 
liydrogen atom, the lightr-st of all atoms, as unity, and to express 
other atoms as multiiiles of it; ujron such a .scale the atoihic weight 
of oxygen is apjiroximately 15-9. It is now i-on.sidered more con¬ 
venient k’l t.-ike the o.xygi-n atom as exactly 16-0(K), and when this 
is adojited as a standard for the atomic weights of all other ele¬ 
ments, tla atomic weight of liydrogen bei-omes I-OO.S. The follow¬ 
ing table sliows the memi atomic weights of the (-lements, togeth<-r 
with the symbol used in (-bcmical formuk-e to exju'ess an atom of 
any given element. It is now fairly certain tb.at tbe elements 
w hose atomic weights are not apjiroximately erpinl to whole numbers 
consist of atoms of at least twii dilfercnt si/,i-s ; cblorine, for in- 
stiuici-, ])fobal.lv consists of two sorts of atoms having weights 
35-06 and .17-00 res]iectively, but they are mixed in .such proportions 
5hat the average W(-ight of the atoms in the mixture is 35-46. The 
two sorts of atoms hav» ideidfcal (-hemical projierties, and only 
(tiller in mass.' This matter will be refei-red to again in the chapter 
on radioactivity. 

• In the /niddle of the last ‘century much confirsion was (-aused 
because in some cases multipk-s or subraultiples of the present 
.atonne weights were regarded as the true values. For instance, 
the atomic weiglit of carbon was considered by some chemists as 
6-0, and the formula of methane was expressed as CjHi; at the 
present day it i.s believed that the atomic weight of carbon i»l2-0, 
and we write methane as CHi. The two view.s lead to ex!jf4,ly 
the same results for the qnantitat.S’e composition of njcthami. 

* F. W, A«toii, Phil. Nuff. 3J (1920). (111. 
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‘ lnternati 4 nal Atomic Weights |l921). 


f. * 

♦ ,, 

Atomic 



Atomiot’ 


f Symbol 

weight. 

''' ** ( 
Noodyiniyin . 

Neon .... 

Hyniiml. 

Wftlgllt.* ' 

iUifiiuuilUil 

. . AJ , 

' 27 ) 

. Nil 

144-3 

r\/^timoiiy . 

, . .SI) 

1202 

. No 

202 

. . A 

;J9 9 

Nickel . , 

Niton (radium 

. Ni 

58-68 

Arsoiiie. 

. . As 

74-90 



f^Hrium 

. . Bii 

137-37 

emanation) . 

. Nt 

222-4 

Bismuth 

. Hi 

208-0 ' 

Nitrogen . • * • 

.. N 

14008 

Boron . 

. . B 

109 

• O.sniinm 

. Os 

lMtlP9 

Bromine 

. . Br 

79-92 

Oxygen 

. 0 


('tKlininni . 

. . (M 

112-40 

Palladium . 

. I>(1 

lOII-T 

Cspsiinn 

. . ('.s 

132-St 

Phosphorn.-^ 

. r 

31-04 

Caloinin 

. . ( a 

40 07 

Platinum . 

. I'l 

liW.i 

Carbon 

. . (' 

12 tlUa 

J^olassimri . 

K 

ItOlO 

CeriiuTi. 

. . (V- 

140-2.') 

Prusf'Oilymium 

. I'l' 

UO-II 

Chlorine 

. , Cl 

3;)-40 

lladiiiin 

. Kii. 

220(1 

{/liroinium . 

. , (V 

.■>2 0 

IlJiodium . 

. Kli 

102-9 

>'obaU 

. . lo 

.‘.8-97 

Kubidiuni . 

. Kb 

8.0.4.'i 

Coiumbiuiti 

. , Cl. 

93-1 

Jlu|Jienium 

. Ku 

101 7 

Coppei^ 

. Cti 

03-:)7 

Samarium . 

. Sa 

1511.4 

Dysprosium . 

. . Dy 

102-5 

Scandium 

. ?>(! 

-15 1 

Erbium 

. . Kv 

107-7 

Selenium 

. So 

79-2 

Europium 

. . l-ai 

152-0 

Silicon .... 

. Si e 

28-3 ' 

Fluorine . 

. . 1’’ 

19 0 

Silver .... 

■ .-'k 

107-88 

Cadoliniuin 

. . Cd 

157-3 

Sodium 

. Na 

23 00 

Gallium 

. (hi 

70-1 ; 

Strontium . 

. Sr, 

87 03 . 

Germanimn 

. . Go 

72-5 ! 

Sulphur 

. S 

32 00 ^ 

Glucimim . 

. . Cl 

H-I 1 

Tantaluni . 

. 'I’a 

181.£t 

Gold . . . 

. , Au 

197-2 1 

'relluriuiti . 

. To 

127..5 

Helium. 

. . He 

4-00 ‘ 

'rerbiuni 

. Tb 

159-2 

Holinium . 

. . Ho 

Hi3-r> 1 

'riiallinni 

. I'l 

204 0 

Hydrogen . 

. . H 

1-008 ' 

'riu.nutii 

. Tb 

232-15 

Indium. 

. . In 

1148 

Thuliinn 

. Till 

108 5 

Iodine 

. . 1 

120-92 

'I'in .... 

. Sii 

118-7 

Iridium 

. . Ir 

193 1 

Litaniiim 

. Ti 

48-1 

Iron 

. . Ke 

55-84 

Tungsten . ' 

. W 

184-0 

Krypton . 

. . Kr 

82-92 

Hraniiim . 

. u- 

238-2 

Lanthanum 

. La 

139-0 

V'anadimn . 

. \- 

51-0 1 

Lead 

. . IM. 

207-20 

Xenon .... 

. No 

130-2 

Lithium 

. . Li 

0-94 

Ytterbilmi 



Lutecium . 

. Lu 

175-0 

(Neoytterbinm) 

. yi) 

173 5 

MagnoHiurn 

. . -Mk 

2432 

Yttrium 

. VI 

89-33 

Manf^nesf'. 

. . Mn 

54-93 1 

Zinc .... 

. Zii 

05-37. 

Mercury 

. Hfr 

200-0 

Zirconium . 

. 7a* 

90-0 

Molybdenum . 

. . Mo 

90-0 





Not given in Inli nuxtional Lint. 



Actinium . 

. 226, Polonium . 

210, Uranium Xjj 


234 


15uf, t>l the two, the older idi^a would require a more compMcated 
formula for many thousands of carbon compounds, and allows a 
sjmpleijormula <or very few f it has consequently been ahandonc*!. 
Various considerations have helped clKuyists to choocc between 
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alternative numbers, and Avagadro’s hj^oMiesis, wtiidli will shortly 
JJc explained, was cf especial value in enabling <3l»illi.sts*to doeidc 
upon the correct nuib|>ers to be adoptftA .New work contiiAies 
to sjiow that the choice has been rightly made^ and, whate\jjr 
modifications the Atomic Weight tabic of the present day may 
have to undergo in the future, it is very unlikely that in the years 
to come wo sJiaH have to substitute for the jft'csent value of the 
atifinic weight of lyiy element»a multiple or submultiple of the 
nuifibers accepted at the present time. 

The table of atoBiio weights shows, of course, only the relative 
weights of the atoms ; the absolute masilbs and sizes of the atoms 
are, however, now known. The absolute mass of a hydrogen atom 
is 1-G() X 10grams ; that of the oxygen atom is, of course, 15-9 
times as great. Small as the.se numbers may seem, the mass of the 
hydrogen atom is about 1830 times that of the electron, the so- 
ealled atom of elcetricity. , 

I’l-oeeediyg, thei’efore, on the assumption that the number* given 
in the table rejiri'sent fairly accurately the relati\-e waughts of 
4hc atians, we can go on to examine the comiiositiiai of eoinjiouiuls, 
'rh(> mo.sl impoitant compounds containing two elcmeilts (binary 
comjHmnds) are formed by union of a metal with a non-metal. If 
the chlorides, formed by union of .a metal with chlorine, arc 
studied it may be noticed that, whilst- sodium chloride (NaCl) 
contains r'pial numbers of chloriiu' and sodium atoms, magnesium 
idiloridc yMgClj) and aluminium (ddoride (AlClj) contain re- 
spi'otively two and three chlorine atoms for each metallic atom. 
This fact may be expressed by saying that the “ positive valency ” 
of sodium, magnesium and aluminium are respectively 1, 2 and 3. 
The positive Vijlcncy is thus a property of a metallic atom, and is a 
measure flf the power to engag<' atoms of non-metallic elements. 
Hydrogen, although not resemblitig a )nefal in physical i)ropertios, 
often resembles a metal in its pcjwer of <ond)ination, and is fre¬ 
quently regarded as havi«g a positir e valency of one. 

Non-metallic atoms, on the other hand, are endowed with a 
negative valency, a number repre.s('nting their power to engage 
metallic atom-s. Chlorine, regarded abo\'o as the typical‘non- 
metal, has a negative valency of one. Another important non- 
metal, oxygen, has a negative valency of two ; the “ oxides ” of 
sodium, magnesium and aluminium have the formulae 

Na^O, MgO, AljO,,,* 

and therefore contain twice as many metallic atoms for the same 
ntimber of non-metallic atonis a,s doetho chloride,‘j, 

NaCl, Mg’Cl.,, AlCT,. 
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Many svibstances have less strongly' marked non-metallu 

j)r()perti(<s than* oxygen and chloripo appear to 'possess both positiU 
arid negative valenciesi ' Sulphur, for instance, in joining witl 
ip^tals to form “ sulphides,” behaves as a non-metal with negative 
valency 2 ; thus sodium sulphide has the composition NajS 
Sulphur also, however, combines with the typical non-metal 
oxygen, and in sulphur trioxide, SO j, appears to exert a positivt 
valency of C. ' 

A simple explanation of positive and negative valency'Mil 
shortly be suggested. < 

The Periodic System. If rve wTite out (he elements in tlu 
order of their atomic Mvights, conimoicing with hydrogen aiu 
ending with uranium, it is found that periodically we meet with i 
sequence of elements having propertie.s which show striking simi 
larity—both chemical and jihysical— to those of ekmients that hav< 
gone before. ■■ 

For instance, six (imc.s in the course of the elcmentsolo we coim 
U])on certain im rt tjaxes, ha\ ing apparently no power of conil)inatioi 
with other substances ; in other words, substaiu'es of zeiy vahmef 
In five cases the inert gases are followed by highly reactive .sub¬ 
stances which ])ossess a ractalli(.! ap[)earancc, but which react wit)- 
water with great violence and yield .solutions having alkaline jiro 
perties ; each of the.se " aUcaJi-iDe.lah” has a po.sitive valeiHw'ol 
one. In four ca.ses, the inert ga.scs are preceded by typical non- 
metals. which react with metals with violence fortning stabli 
crystalline salts; these non-metals, which are called Italoije/iis 
have a negative valency of one. 

Innumerable forms of the "periodic arrangement” of tlu 
elements have been suggested w hich lay emphasis upon the different 
regularities in different ways. 'I'he table givcii below' is eonsidm'cd 
to be the most convenient for the purposes of this luvok.^ Tin, 
elements are arranged exactly in the orch'r of their atomic weights 
c.xccpt tliat '■ 

(1) Argon (2!)'!)) is jilaced before I’ota.ssium (iiti-ld). 

(2) Cobalt is placed before Nickel (oH-OS). 

(3) Tellurium (127-.')) is placed before Iodine (12(i-32). 

The whole numbers jrlaced above, the symbol simply indicate 
the order in which (he elements stand in the table. These atomic 


Founded mainly on an arrangoment given by James Walker in hi^ 
" Introduction to Fliy.sieal (MiemiHtry ” (Maemillan). It iw Komewhat .similai 
toitj'e forms suggested by I. \). Margary, Phil. Maq. 42 (1921), 287, and by 
F, ran^tli, Ber. 5i3 (1920), 171!). Attention is railed to the spiral moJeb 
aevised to show the periodieity of the^elements by W. T). Harkius and R. 10. 
Hall, J. Amer. Chem. tSioc. ,38 (1916),^ 169. * 
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numbefs,^ as they are called, are nov cynSidored to be of evei 
,^H)re fundamenttil iiniiortance tlfan the atomic^ Aveigl^is. l^itl 
the three exceptions just gi^fen^ the atojii^e nunirber of an elenjen 
represents the positioti’of that element in th’e order of 'the atoiph 
weights. For, the cfenients between heliunt and chlorine Sr 
atomic number i.s roughly equal to half the atomic weight.^ Thu 
carbon with atomic weight ]2'0 stands sLxtli gmong the element 
in<thc order of afomic weights ; that is, its atomic number is six. 
, hydrogen, the I’ghtest of all the elements, is showm by sonu 
chemists as falling m Group VJIb, and by others as falling in Grou) 
Ia. It has, indeed, certain properties in iommon with the element 
of each group. In the table giv'on below, it i.s omitted altogether 
the series comnumeing with helium. 

It will be noticed that several gaps have' bei'ii left in the table.s 
some, at least, represent elements which are still undiscovered 
Indeed, when tlu^ periodic arrangement was first propo.sed, the thrc' 
elements .scandium, galliiinT and germanium were still unknown 
and in the earlier forms of the table gaps were left at these ])oint 
,aIso. It was ])redicted, however, that new metals would bo dis 
eovered*to fill the gaps, ami Mendeleelf in 1871 even .ventured— 
after eonsideration of fbe properiies of tlie elements around tlr 
gaps - pi'opliesy ihe elmracteristics of the tlien nndiscovere( 
elements. When—later-tlie thn'o elements were discovered, i 
was found that their properties had been foretold with consider 
al)le accuracy. 

The vertical columns of the table <livid('I he ('Iciucnts into si.xteei 
natural groups, known as - 

Gi’onp (I ; 

Groups 1\, IT.\, MIa, 1VI\, \\\, VIa, VHa ; 

'I’ll* "'l*raii,si1iou (;rou|) of Elements ” (.soinetimes calloi 
Grou]) VTll) ; 

Gi'onps fii, llu, llhi. IV'ii. Vii, Vli!, and \c11b. 

All the elements wlyeh fall into a single group have a mos 
rpu\ai'knhle similarity of eliemieal and physical projrerties. It i 
noticed, however, that within a. group tlie properties as a who! 
vary slightly and gradually as the atomic weight rises. Aeimila 
gradual change of ])ro])orties is noticed as we go along a horizonta 
row, or “ series,” from left to right. 

' H. fl. J. .Moseley, Flilt. M(uj. 26 (lOlS), I0'24 ; 27 (1914), 703. H. S 
Allen, Tra)i.(i. Chf.m. Soc. 113 (1018), 380. • 

2 A inorf' oxiict connection between atomic number and atomic Veigh 
oxtonding also to tlio heavier elements! is suggested by W. D. Harkins an 
•E. D. Wilson. J. Amer. Chem. Soc. 37 aOloj. 1307, 1383. W. D. jijirkim 
J. Amer. Chem. Sor. 39 (1017), 8oii. Iv. 0. Durrftnt,*J. Amer.^hem. ^ot 
39 ( 1017 )^ 021 . • ^ 
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Tho numbers below the symbol for e*c\ efement represent tbe 

wlcncy usually atjrtetJ by the elftment in quc;?t^i). Ti will,be 
noticed that the maximum jitive vakijejj o^metallic clomoats 
frequently corresponds ^o the Roman number at the htad of the 
group, althougl^in the base of the highest numbers (V, VI and VJTT) 
the valency does not always reach the maximum value. 

The elem’ents which display non-metallic ciaracters—that i.s, 
elements capable of exerting a negative valency—lie close together 
at, t]ie right-hand siSo of tho table. Those which will be treated 
as non-metals in this book, are separated from the others by a 
broken line. The negative valency, which»appears to be a constant 
number, is always equal to 8—)i, where n is the number of the 
group; thus the negative valency of tho halogens in Group Vlln 
i.s —1, whilst lhat of the elements of Grouj) Vln is —2. 

The Structure of the Atom. The periodic arrangement of 
the elements suggests that they are noi' tho ultimate components 
of matter, but that the atoms of so-called elementary substances 
are themsdVos built up on some oi-dered jilan from even simpler 
jjiaterial. During the present century, jliysieists have obtained 
a eonsidiAablo insight into the internal structure (,)f the •atom. It 
is generally believed that an atom consists of a small nucleus sur- 
j'oundedJjy electrons,^ the number of electrons being equal to the 
iitomic number of the element; thus an atom of hydrogen has one 
<‘lectron lhat of helium two electrons, that of lithium three electrons, 
and so on. The sizes of the electrons and of the nucleus are both 
extremely small; in the case of hydrogen and helium, the nucleus 
is probably the smaller of the two. An electron has probably 
a radius of about 2 xlO'’'* mn., which is about 1/50,000 of the 
radius of the helium atom. 8ince the atom as a whole is elec¬ 
trically noutral, wo must imagine that the imcleus, if deprived of its 
electrons, would have a “ net " positiv e charge e((ual to that of N 
Meetrons, where N is the atomic numbe,]’; recent work would seem 
to indicate that the nuclejis of many atoms also contains electrons. 

Some authorities, notably Rohr, declai’e that the non-nuclear 
electrons move continuously in orbits which ai’c approximately 
elliptical or circular.^ Others, like Langmuir, consider the fliean 
positions of the electrons as more or less fixed, the electrons being 
distributed about the nucleus in a number of spherical layers’; 

' Sir E. Rutherford, Phil. Mag. 21 (1911), 069; 27 (1914), 488. 

* N. Bohr, Phil. Mag. 26 (1913), 1, 476, 8.67. Nature, 107 (1921), 104. 
Zeitach. Phys. 9 (1922), 1. Comparo L. Vogard, Pnil. Mag. 35 (1918), ^93. 

® G. N. Lewis, J. Amer. Chmi. Soc. 38 (1919), 702. 1. Langmuir, J. Amar. 
Chem. Soc. 41 (1919). 808. Tho last-mentioned paper is very helpful, ^nd 
tlte reader is strongly recommended to consult it, and also that of Sii^O. J. 
Thomson, Phil. Mag. 41 (1921), 510. » Recent work by W. L, Bragg, R. W. 
Jamee and dt H. Bosanque^, ihid.f 44 (1922), 433 seems to indicate that the 
Lewis-Langmuir model of the atom ai least reqi5ires modification. 
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this view, Tii snouia ivi iTnderstood, does not preclude‘a certain 
antounttof roMoIption or oscillation of the ekfitrons about thflr 
mean positions. *Tl\o fin!,t theor/is'supported by most physicists, 
£g it offers aru explanation of certain remarkable facts regarding 
gaseous spectra ; it is now being developed'to e.xplain the chemical 
properties of the different elements. The second theory, however, 
has the support of most chemtsts, since it appqar^ to give a more 
direct and simple explanation of tche facts of chemistry, particdiarly 
the valency of the elements, and the regidaritics expressed ip the 
periodic table ; at the same time, it seems possible that it may be 
developed in such a wa_f as to explain the facts concerning spectra 
also.i Very likely the two views are not so inconsistent with 
one another as is .sometimes supposed .2 Probably the facts which 
are of importance to the student of metals could be explaineil eijually 
satisfactorily on either theory ; but it will be easier for the reader to 
obtain a mental picture of the mechanism of chemical combination it 
we aikipt provisionally Langmuir’s conception of an atom with elec¬ 
trons arranged in com])aratively fi.ved jmsitions on spherical .shells. 

'I'lie nucleus and the inner electrons have comparatively litt,)e 
interest ffir the ebeinist. The nurletis is thought to be fesponsible 
for ])ractically the whole ma.s.s of the atom ; wbil.st in the radio¬ 
active elements it apjiears to be the .seat of radioactiv-e changi*? • 
The inner layers or inner rings of electrons are active in cau.sjng 
the emission of the so-called “ X-rays ” when the substance is 
bombarded by cathode-ray particles ; indeed, we owe our know'- 
ledge of the inner clectron.s mainly to this fact. 'I’hey appear to 
contribute very little to the chemical behaviour of the atom. 

It i.s, however, the electrmis of the older layer or outer I'ing (the 
so-called “ valency electrons ”) which an^ res])onsible for chemical 
combination between the atoms and which determfm? the chemical 
character of different substances. It is believed that when a metal 
(posse.ssing po.sitive valency) combines with a non-metal (a sub¬ 
stance possessing negative valency) the metallic atom gi\-es up 
some (frequently all) of the valency electrons from its outer layer ; 
the electrons given up pass to the non-nictallic atom, and render 
(mnlplcte the outer layer of electrons in the latter. ,Sin(,;e, however, 
the metallic atom is left positively charged, there is .still an electro¬ 
static force holding the clectron.s to it, and this force, serves to bind 
the two atoms together. A clear notion of positive and negative 
valency is thus arrived at; positive valency consists in the power 
to give up electrons, and lU'gative, valency in the power to absorb 
tljem. It is po.saiblc, therefore, to ('xpress the mode of combination 

• See I. I.aiigmnir, /’/iji?. Her. 18 (1921), 104. 

2 N. R. Camp^bell, Nature, 106 |1920), 408. « 
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of the olilorides and oxides of sodium, nfagmesiura, anfl aluminium 
iA this way 

/('I 

Na-->C1 . Cl^-4Ig-^Cl 

• X Cl 

Nil—Mgz;>() OilAl r>()<-Alz:0 
'file arrow indicates the directtoii in which an electron has jiassod, 
aild'denotos the electrostatic force liiiliing the atoms together. 

That the charges«upon the metallic and non-mctallie atoms in 
the com]iounds mentioned have a real exStence is shown in “ elec¬ 
trolysis.” If sodium lihlorido be fused, and an E.M.E. be applied 
to two poles, or electrodes, immersed in it, sodium travels to the 
negativi^ pole, by virtue of the positivi' charge and appears as 
metallic sodium, whilst chlorine gas is evolved at the jiositive 
electrode ; a similar deeo'.ii]j().sition is brought about if a .solution 
of sodium chloride in water is used, hut here secondary reactions 
complicate the result. 

• If the^\ iew of atomic sti'uctiire suggested above is considered 
along with the periodic table, a reason suggests itself for tite different 
valencies of the various elements.' 

‘ 'Ihe ii^'rt gases of tlu^ (Iroup 0 have a valeimy nil : presiinuihly 
•in thei." atoms the outer layer of electrons is complete, stable and 
self-.sulhi mg. When, however, we pass hack to the group of 
elements that immediately precede them, th<^ halogens, there is 
evidently one less electron in the outer layer. If such an atom, 
therefoie, absorbs on(‘ electron from outside, we may expect the 
outer layi'r to become stable ; the ludogens, in consequence, have 
a negative valency of one. .\ chlorine atom which has absorbed 
an extra Mectfon beconu's identical with the argon atom as far as 
^the otib'r layer is concerned. It differs from the argon atom, of 
course, as regards the nucleus ; the ehhirine atom has a nucleus 
with a smaller positive charge, so that when tlu' one extra electron 
has been absoihed, the atom possesses, as a whole, a negative 
charge. Nei'Citheless tin? iharged chloriiu' atom or inn possesses 
'the saimvsort of stability as the argon atom ; it may be said to 
belong to the “ inert-gas type.” 

Similarly, the elements of Group Vln (oxygen, sulphur, selenium 
and tellnriuin) rcqtdre two extra electrons in the outer layer to 
attain to the inert, gas type ; these elements iRive a negative valency 
of two. The (dements of Group Vn have a negative vaUwey of 
yiree ; but in this group the power to absorb electrons begjjm to 

' 1. Laiiginnir, J. Atntr. Chem. Aos. 41 tUtltt), 8(i8, la43. Sec i^o W.^j. 
Bragg, J. Bee. Chem. Inti. 39 (1920), 335Bj 
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weaken, anfi with it t»he''non-metallic character of the ‘elements. 

•If we ^iiass n<iW^o Group Ia, Vhich consists oi elements posaossi,ftg 
o»e more clectroti tha« the inert''gase.s, it^ fe evident that this one 
olcetron fconstjtutes an “ extra ” or “ valency electron ” outside 
the stable layer. If this electron can be pas'sed on to another atom, 
the “ inert type ” i.s left. The alkali metals have therefore a 
positive valency »f one. ^ 

In Group IIa a second valencyielectron is added, and we hrfvc a 
positive valency of tw'O ; similarly the succeeding groups IIIa.JVa, 
Va, VIa and VIIa have three, four, five, tjx, or seven valency 
electrons, and the maxiilmm valency is 3,4, 5, 6 and 7 respectively. 
As the number of valency electrons grows, however, it is note¬ 
worthy that the maximum valency is not always exerted. Man¬ 
ganese, for instance, is capable of parting with seven valency elec¬ 
trons, but this leaves the atom ■with a very strong positive charge, 
and it requires considerable energy t() remove the last few' electrons. 
Compounds like .Mnin which manganese has a valency of seven, 
arc, a,s a result, distinctly unstable. Metals of Groiq)s VIa, VllA, 
and the tramilion tend, rather, to form compounds ki 

which the metals exert a valency of two or t hree ; this is’e.speeially 
noticed in the Iravsilion elenienlx, in which the full valency (8, it 
or 10) is very rarely reached, «. • 

When we come to Group In, a new state of affairs is met witlr: 
These metals should have eleven valency electrons, but, of these, 
ten appear to form a “ semi-stable ” layer by themselves, and t he 
metals possess a valency of om*, forming compounds of the type 
CuCl, AgCl, AuCl. The valency is, however, not invariable, as is the 
case in Group Ia ; copper, for instance, is also divalent, forming 
a second chloride, CiiCU. The valency of the metals of the follow¬ 
ing Groups Iln, IIIb and IVb is generally 2, 3, and 4 rc»ipe(dively, 
but here again it is often variable. W'hcn w(' reach Group Vb, wo 
see indications of a positive valency of 5, although the elements 
more commoidy exert a valency of 3.« ,\t this i)oint, elements 
commence to ab.sorb electrons so as to attain to the ty])e ” of the 
next inert gas ; consequently non-metallic characteristics begin 
to ajjpear, which, a.s stated above, arc still more marked,in Grouj)s 
VIb and VIIb. 

Types of Chemical Combination.’ 

I. Polar Compownds. In all the compounds considered so 
far* t^ie force joining the atom is apparently electrical. An olec- 

X. Lewis, Anwr. Clieti'. .S'ec. 35 (1913), 1448. ,S. K. C. BrigJjs, 
^rans.M^hem, ^ioc. Ill (1917), 2.53. ^ 8ee especially Sir J, J. Thomson, 
Phil. Mag. 27 (1914), 758. . • 
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tron passes from one atom to another, aftd *hc attraction between 
till! two oppositely •ellarged jtcjjns holds them •together* Wl»n 
an atom of sodium, po%ssing one elcctroft iti excess of the iiumbl!r 
needed for complete stability, joins to an atom of «hlorinc, whiojt 
possesses one adcctron too few, both atoms assume the stable 
“ inert ” type, and the resultant compound, Na—>-Cl, is very 
stable. “ The jwrciw linkage ” may here be emplbyed with success. 

.11. Non-polar Compounds. 'Whilst the passage of an electron 
readily explains the union of dissimilar elements, it fails to give 
a satisfactory intei^^retation of the uni^n of like atoms. Yet 
atoms of the same kind r(!adily unite. 'I’hc gaseous elements, 
such as hydrogen, o.xygen, nitnjgen and chlorine ari! believed to 
consist, not of single atoms, but. of closely joined jiairs of atoms. 
It has been suggested th.it the two atom.s share a pair of electrons *; 
one author,^ referring to the constitution of hydrogen, give.s a 
picture of two electrons moving in a single circular orbit around 
the line joining the nuclei of the two atoms. * 

It is, however, quite possible that forces between two atoms of 
the same ^ind are magnetic in character.^ If the electrons move 
rapidly in circular orbits, as is assumed in most theories, the 
effect is the same as that of an electric current passing round a 
circular l?lop of wire. When a current jiasses in the same direction 
tTifough two loops of wire the loops will attract each other ; 
similarly t wo atoms containing electrons moving round orbits 
in the sanic diroetion will attract one another. 'The combination 
of two hydrogen atoms to form a “ molecrde ” has been elucidated 
in this maimer. 

Similar ideas have been introduced to explain the linkagi' of 
carbon atoms in organic compounds, Cai-bon falls in a peculiar 
jio.sition in the periodic. t.able. It oeeujhes a place half-way between 
^wo inert gases (Helium and Neon). Its positive, valency and its 
negative valency should both be equal to four, and its capacity 
to give up or to absorb* electrons should presumably be about 
equal. Possibly this is why carbon atoms have a unique power 
of joining, one to another, to form rings, oi’ long chains, of great 
stability. ‘It has been suggested that two carbon atoms joined 

* J. Stark, Jahrbuch Hadioakt. Elelct. 5 (1908), 124. See also H. Teudt, 
ZeUsch. A^icrg. Chan. 106 (1919), 189. 

“ N. Bohr, Phil, Mag. 26 (1913), 857. Compare W’. A. Noyea, J. Amer. 
Chan. ,Sw. 39 (1917), 881. , 

^ Tho reader is rocoinmendod to refer to a paper by A. L. Parson, Smith^n. 
Misc. (JoU. 65 (1910), No. 11. A paper by Sir W. Ramsay, Proc. Rog. Soc. 
92 (A) (1910), 401, may also be prolitably consulted, although his view.s 
iuaarrsistent with otlieiu quoted in this vohjpe. Parson's views aro alsffnot 
easy to reconcilo with the accepted nuejear wieory of the atom, but aatf nevei* 
theless wortlta careful study. 
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togftlier shJre a jmir f.f dectrons,' or perliaps cxchaiigo‘a pair of 
cl(Ktronsi>. T.h«- ii-lternative iiifoipretatioio tlwl "the carbon ato(;(is 
iiw-a chain are hcM together by magnetic fjiftes set up by electrons 
moving in circular j'aths is, jrerhaps, equally acceptable.^ 
Whatever view is adopted, the carbon' atom #;vppears almost 
invariably to possess four bonds, through which it can unite with 
four surrounding Moms, and these bonds are ufually non-polar in 
character. Structural formulae «uch as (a) employing art-ow- 
linkages do not correspond to tin? ))ropcrtics of the carbon a'oni- 
pounds ; it is best to demote the bonds aroipid eai’bon atoms by 
jilain lines, as in {h ): 

H H H H 

t i 

(a.) C—>('<- H {!>) H {' ('- H 

I t 

II H * H H 

IIT, Molecular Compounds. Kven when two or more atoms 
have united by polar bonds to form a eom[)ound in which the max,'.- 
mum vah ney is exerted, their ])owei’ <if combination is liot i\eces- 
sarily exhausted.^ Consider, for instance, a sodium and chh)rine 
atom in close union, the former bearing a positive ehai'ge. th# 
latter a negative charge; we may term the pair a " molecule 
of sodium chloride. I’he force exerted by one .such molecule, A, 
upon another similar molecule, B, is, at any great distance, very 
small; for any force exerted by the |)o.sitively charged sodium 
atom in A is roughly compensated by the op))osit(^ force exerted 
by the negatively charged chlorine. If, however, the s<rond moi(‘- 
eulc. It, approaches so near to .\that the distance between the two 
atoms within each molecuh^ is no longer insignificant* eompansl 
to the distance. sej)arating the molecules, the force b(l.w(‘(m fh(> 
molecules lax'omes ajjpreeiable. Hhould the mohxuiles iqrpi'oacll 
in the way shown below, the distance .sevparating lh(‘ unlike atoms 
of A and B being less than that separating the like atoms, tlu^ 
attraction will exceed the repulsion :. 
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^ Sir J. J. Thomson, ndl. Mag. 27 (1914), 784. Sen also W. D. Harkins 
and H. H. King, J. Ainer. Chem. tVoc. 41 (1919), j). 970, with sjfpcial rofornnno 
to th* footnote. 

* A. E. Lacombl6, Chevi. W’eckblad. 16 (1919), 832. 

^ (Sir J. J. Thomnou, i*hii Mof. 27 (1914), 758. 1. Langmuir, J. 

(dhtm. JktiK. 38 (MlfO), 2221. W. Harkins and H. H. King, J. Amn. Chem. 
Soc.4l (1919),970. See also J. Stark, Jahrhuch htadioakt. KlektA^ (1908), 135. 
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In sucJi a case there will be a rcsultanC attractive foTce botwceii 
ifft two molecules. • Th»is itjuy)])eiis that grouji* «f akuns, <iii 
Avhich the ordinary vnlclijcy i.s ap])arently fuHy.e.verted, may nevoc- 
thcless cluster together owing to tlu'sc^ intermolecula* forces. Clus*- 
tering of that Mnd is responsible for the condensation of gases to 
form liquids^ and solids ; the intermolccular forces are in such 
cases represented i)y the so-called “ physical f(tce.s ” of cohesion 
and‘surface tension^ There is,* however, no sharp distinction 
between physical and chemical forces and the attraction between 
apparently stable n#)lpcuk'S leads also to unexpected iduunical 
combination between substances which knight well ha\'e been 
regarded as inert. As has already been pointed out the adniixtiyc' 
of chloroform and ether leads to a considerahle l ise of temptu'ature. 
wliich points to chemical interaction between the substances. In 
this instance, a dclinite compound, (Cdljl.O.t'HCl;,, has beem 
isolated in the solid stat, ^y cooling the mixture. Numerous 
other examples of molecular (xunpounds ar(^ known. • 

Importance of Spatial Considerations in determining the 
r^ssibili^y of the Existence of Compounds. The formation 
of molecidar compounds- like the formation of liquids ancl .solids- - 
i.s mainly eoidined to low temperatures ; at low temperatures the 
Bicrmal :%itutioii of the mf)leculcs i.s least, and eoiiseqiiently the 
mSlecuk s .are less likely to be swept away from (>aeh otber to dis¬ 
tances at whieJi interinoleeniar forces cease to ojterate. 

In tlie solid state, in f;ict, the thermal agitation is so sliglit that 
comparatively small forces lictwecn atoms arc snIHcient to hold 
them together. It seems likely that thei'e would be no limit to 
the number of eompimuds whieli could exist in the solid state, if it 
were not for another faeior wliieh here comes into ]ilay ; the 
possihility f)f existence of any definite eompemnd must (hepend 
^pon wtiether the relati\’e sizes <if the atoms permit of them to he 
paekeid together in sneli a way as to ])rodiiee a .stable crystal .struc¬ 
ture. The chemistry of*so!id comjwunds is Ihcrtdon^ rather a 
matter of geometry than of dynamics.* 

'J’here occur, for instance', among the constituents of alloys, 
solid intermetallic compounds,^ such asNaHg., AuAIg.^, AmAlgs, 
AuMg„ the comiwsition of which has no relation to the valency of 
either metals. Except in certain intermetallic compounds con¬ 
taining arsenic, antimony and bismuth, such as AsjFej, KaBi, SbCuj 
(in which arsenic, antimony, and bismuth itsally behave as i^n- 
metals and exert their normal negative valency of tliree), tift law 

‘ Compare R. R. Sosinan, J. ind. FJiig. 8 DHU. 

“ A general account of these bodie* is given by C. II. Descfi in‘^ IntcP- 
metallic Con^jonjuls ’’ (Lonvmans, Green & Cq.). 
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of valency Sppeais to no assistance in determining whether a 
ccftnpoufld oh afgiven formula is c^pa,ble ohexisftence or not. Why, 
fof instance, can AuM^s'and AuMg, exLsi/and not AujMg ? No 
^efinito answer can he given at present, bu{, it is probable that the 
explanation, when available, will be concerned tergely with the 
relative sizes of the magnesium and gold atoms. 

Solid substances crystallizing from solution gonerally possess 
the composition demanded by thfe laws of valency simply bocausr^ 
they could not otherwise have existed in the solution. Nevetthe- 
less the crystals produced frequently contair a large proportion 
of solvent (“ water of Srystallization,” for instance) which plays 
an essential part in the crystal structure,' And, if the solution 
contains two salts, they may combine to produce a crystalline 
double salt of very stable character, the existence of which w'ould 
be difficult to account for on the sirajJe electronic theory of valency. 
\ good example is carnallite, KCIjlMgCK.OHjO. 

Spatial considcration.s enter largely into one iiiqratant class 
of compounds which can exist not only in the solid state but also 
in solution. The atorn of each of the “ Transition l^lemcntsi’ 
(iron, cobalt, nickel, etc.) possesses a peculiar power of attracting 
six atoms or atomic groups (for instance, NHj) into very close 
union with itself. Apparently the .six atoms or atomTc group.? 
form a very stable ring or shell round the metallic atom. IXif; 
formation of the “ group of six ” does not interfere with the exercise 
of ordinary polar valency. The metal will still, for instance, com¬ 
bine with three atoms of chlorine, but, if any of these three chlorine 
atoms form part of the group of six, they arc much more closely 
bound to the metal than i.s the chlorine of sodium chloride. Cobalt 
chloride forms the following compounds with ammonia (NHa) 

CoCla.bNHa CoCla.SNHa CoCla.hNH.., tloCia.SNH,,. 


These arc generally expressed in such a way as to show the group 
of six jntimately joined members within a^square bracket, thus ^:— 



Of the four compounds, the first resembles sodium chloride in 
that all the chlorine can easily be separated by means of reagents, 
such as silver nitraty; in the second, two-thirds of the chlorine 
ca«- bo removed by silver nitrate or by acids at low temperatures, 
but the remaining chlorine atom—which forms part of the stable 

^ u #■ 

L.^egard aaS Schjeldarup,^ Phys. 54 (1917), 140. L. Vegard, 
Ann, Phys, 63 (1920), 763. ' ^ « 

li A An /iQn7v 
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“ aroup of six is^only rendered reaotive'by^)oiling the’solution, an 
operation which breaks flj) thg Mjjwle compound, •’fhfe thfrd com¬ 
pound has only one-thUl of the chlorine* ii? a readily active coh- 
dition. Solutions of tlip last compound--in which all the chlorin^ 
is believed to b^’in |>art of the “ group of six ”■ -should, properly 
speaking, sho_w none of the reactions of a chloride ; this is not quite 
true because it.*is»iii part broken uj) by waterT but the general 
eheimcal behaviour oi the compoijnd, which is very inert, supports 
the view that the whole of f lic chlorine is required for the formation 
of tile complex. • 

Six is said to be the “ co-ordination ntimber ” of f liese com¬ 
pounds. Idle formation of the st.able group or ring is possibly 
connected with the low atomic volume of the “ transition elements”; 
the groups probably eoiiie clo.se enough to the nucleus to be at- 
tracled by the positive charge u]ion it. d’he metals which lie, 
in the Periodic Table, on . itber side of the transition elements, 
chroiniuni, cqpper and the like, have also fairly low atomic volirtnes ; 
Ihe.se metals form simihir compounds, in which the co-ordination 
n»mber o^six iqipisirs. The eo-ordinaf ion nniuber thus seems to 
be inde|ieiident of t he polar valency of the metal, and of the general 
eharacl er of the atoms attracted ; it is [irobably determined by the 
geometrii *1 arrangement of atoms around the metal. It is thought 
that the-f are arranged at the .six comers of an octahedron, at the 
centre of ^>’hich is the metallic atom. 


Compounds with co-ordination numbers of four and eight have 
also been described ; they are less stable than those having a co¬ 
ordination number of six. 


M.O.—VOL. I. 
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111. The States of Mattek 

All substam i's exist in the gaseous state at very high tempera¬ 
tures, and in the rrystalline (solid) state at very low temperatures ; 
at intermediate temperatures, a liquid state is generally capable of 
existence, whilst it is often possible to produfce a glassy or amor¬ 
phous solid state by cooling a liquid very quickly. The glassy 
conditiiin, although (t<'nfetTing the rigidity of crystalline solids, 
has [irobalily a closer connection with the liquid state. The different 
states of matter can now be studied in detail. 

The Gaseous State. The two most striking properties of the 
gases are : firstly, tlieir extreme lightness ; secondly, their com¬ 
pressibility and ])ower of expansioin The smallest (|uantity of gas 
williill com])lctcly tlic wlmle volume of any vessel into which it is 
introduced ; but, if ]iressure be a|.»plied to it, the volume will 
decreas(c To a first approximation, the volume is inversely p^o- 
portiomri to the presisurc apj)lied to it. Gases expand considerably 
when heated, the volume being a|)proximat(dy proportional to the 
“ absolute temperature." We c.-in express the.se ai)proxbnat(^ lavs 
by the equation , 

bv H'J’, 

where b is the jjressure 

\' is the volume of the gas 
T Ihe "absolute temperature" ' 
and II a constant. 

The properties of gasi‘s are satisfactorily explaiiu ,1 by ih(! so-called 
" kinetic theory," According to that theory, ga.ses consist of 
minute “ molecules " ,separate<l from each other by distances which 
are very large comjtared to the diamet.u's of the molecules them¬ 
selves ; these molecules arc in a condition of rapid motion (“ thermal 
agitation "), which becomes greatei' as the temperature becomes 
higher. 'I'lie motion of the molecules accounts for tlv? expansio'n 
of a small amount of gas to till any vessel into which it is introduced, 
whilst the bombardment of the sides of the vessel by the molecules, 
which rebound afer impact, represents the pressure exerted by 
the gas. < 

'Ms a result of the rapid movement, two molecules will often 
([ollide together ; normally they will rebound away from each other 

* Vho "absolute temjier-afure ” .is obtained approximately by adding 
27.3° to the lomppi'aliire mi^tlie Centigrade scale*; "absolute 7.eh> ” is --273°C. 
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almost ialmediately. Occasionally,^ horfevar (especially if the 
tefljpevaturc be low* mid «ie velocity'of the moleejflas oorrsspoiKh 
ingly small), two eollidii^' molecules may Tediajii tii proximity for 
an appreoiahlo time, and in some cases attractive foraes may cause 
more or less periaianent union between tliem. 

Tn the. case of the alkali metals, which become ga.scous at high 
temperatures,'thj» nqplecules consist of single atom.r ; such gases are 
highly reactive. In non-metals--rsuch as oxygon, hydrogen and 
nitrogen- which are gaseous at ordinary temperatures, the molecule 
consists of a pair of atijms, bound together presumably by non-polar 
linkage; these gases are, therefore, usual^' written 0,, H;, N.,. 
8uch gases show comparatively little chemical activity—a cir¬ 
cumstance which is in part due to the fact that each of the molecules 
consists of a pair of atoms. For instance, oxygen and hydrogen 
can exist together at ordinary tempei-atures imlelinitely without 
combining, although, if the i.iijture i.s heated, combination occurs 
with great viojence, water vajiour (H..0) being produced. Presum¬ 
ably the molecule which is so .stable at ordinary temperatures 
becomes less stable as the tem])erature is raised. 

Where it*is irossible to obtain oxygen, hydrogen, or nitfogen in 
the state of .single atoms, they are highly reactive bodies; for 
iiutance, fsy'gcn and hydrogen gases at the moment of liberation 
display unusual activity, and are referred to as “ nascent oxygen 
and “ nascent hydrogen." 

'.I’he molecules of compound substances in the gaseous state can 
now be considered. tSodium ehloritle jiasses into a state of vapour 
at high temperatures and each molecule aiijiears to consist of a 
single sodium atom joined to a single chlorine atom, thus 


NaCI. 


Oy the other hand, the molecules of aluminium ehlorkle, in the 
vapour state, ha\'e not, at. temperatures below tOO , the simplest 
formula AlCl,. Somi^ consist of a |iaii' of simple molecules held 
together by intermoleculai- foi'ces; such double molecules can 
he written 

Al.Cl.. 

At higher temperatures the proportion of simple AlCh, molecules 
increases, and above 750° practically all the molecules are of this 
simpler character.' 

Owing to the comparatively great distance separating one mgle' 
oule from the next in the gaseous state, the term “ molecule ” h^ 

I L. F. Nilsou and O. Pcl.terson, Zmt«rh, Phys. Chem. 1 (1887), tSiT; 
(1889), 20(1. • • 
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a very de'linite luearting in the ease of gases—a meaning which 
heconi^s somf what shadowy in l,i()yids and solids. , 

' It i.s only possible'to' refer briehy to i.vagadro’s Hypothesis, 
, although o\ii"ehoiee of consistent atomic weights for tlie elements, 
as well as all our knowledge of the complexity •)! gases, is based 
upon it. 'I'lie hypothesis states that “equal volumes of gases— 
at eqrrespfindiilg t(mi])eratutes and ])resaures,— contain equal 
numbers of moletuiles.” It foliows that ^>e molecular weight 
of a substance- tlie weight of a single niole(!ule referred to a 
hydrogen atom as unity - is pr(q)ortional to the density of the 
gas, the weight of unit volume. 'I'he densities of gaseous substaTices 
can 1)(‘ fomid ex])erimentally, and can conveniently l)e expr(>s.sed 
as multiples of tlu' d('nsity of hydrogen. 'I’he molecular weight 
of hydrogen (H,) is a)q)roximately 2, and the approximate molecular 
weights of other substances can therefore be obtained by doubling 
the density number. It is by deter/ninations of " vapour density " 
that" we know that the molecule of gaseous sodiipn chloride is 
Nad, whil.st that of aluminium chloride, below 4(M)'', is Ab(4j. 

The .Liquid State. Imagine a quantity of ga.sepus .sodRim 
chloride cooled slowly from a very high tenqx'iature. As the 
temperature drops, the molecular velocily becomes smaller: 
acctordingly, the chance of any two colliding moleeule.4' remaining 
bound together by intermolecular forces for an aj)prceiable Vmie 
increa.ses. At first it may lia|jj)en that two Nad moIecule.s merely 
remain in union for an instant, and |)art again before a third one 
comes up. But, as the temperature^ falls farther, the clustering 
capacity of the molecules will increase, and molecules will join up 
with one another more ipiickly than they hreak away. The original 
group of two or three molecules may then increase until it becomes a 
veritable swarm. In otlier words. th<! gas begins to condeuisc to 
form drops of liquid. 

In the liquid .state each molecule is .so near to its neighbour 
that it always keeps within the range of ii\tcrmolecular attraction ; 
consequently liquids are very much more dense than ga.ses. More- 
aijer the comparatively small distance between the molecules 
renders liquids almost incompressible. When a vessel filled with 
ras is cooled down until the gas is partially condensed, the swarm of 
aiutually-bound molecules w'hich forms the liquid occupies only 
a certain definite Volume, and coirscquently only fills the lowest 
^rart of the vessel which originally contained the gas. A sharp 
boundary exists between the den,sc liquid below and the remainder 
jf the vaporous substance above, and it is the existence of, this 
ihal’p boundary which is especially characteristic of liquids. For 
;he molecules at the .su'-facc of a liquid are in diflerent'circumstances 
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to those of the interior. The, latter^are, oiritio average, equally 
atfsaoted in all direction*. Byt ^he surface nioWiltes oxpericncfi 
less attraction in one dirsftion—namely, across the surface -thau iti 
any other. The absence^of forces acting upon the surface molecule.s*^ 
in a direction notmal to the surface is acconqianied by a ])Owerful 
attractive force acting between the molecules in a direction parallel 
to the surface ; ,*oiieequently liquids behave as though they were 
enclosed by an clastic ynembrane, Miich tends to contract and thus 
to reduce the free surface of tht^ li<piid to a iniTiimuin. The surface 
area of a given volim*e of liquid reaches a minimum if the liquid 
assumes a spherical shape, and the tendenc^ (if mercury and other 
liquids to form spherical globules is the outcome of this contractile 
force, which is known as surface tension. 

Where two immiscible liquids come into contact a similar 
contractile force is found at the interface, the magnitude of the 
force depending on tlu' char.,ct 4 ‘r of lioth liipiids : this is known as 
“ interfacial, tension.” When two such liquids arc shakeh up 
together, one liquid liecoines dispiu'sed in the othei' as globules, 
wWch possess an appro.xiinately spherical form. In general, 
however, tlu^ small globules tend to unite together when tlu'y 
come into contact, the totid area of contact between the two liquids 
bring rediwed by such union. Finally the liipiids usually separate 
inu tw(' layers. 

.Althougli the velocity of the molecules in the liquid state is Ic.ss 
than that of the gaseous molecules, the agitation still continues, 
the molecules moving relatively to one another. Consecpiently a 
licpiid lacks rigidity, and will usually .subside under the inlluence 
of gravity to a.ssume the shape of the lower part of any vessel 
into which it is poured, the shape being sometimes modified, 
esjiecially af the edges of the free surface, by the force of surface 
tension, mentioned above. the temperature falls farther, 

however, and the molecular motion becomes less rapid, the rate 
at which the liciuid changes its shape under the influence of forces 
such as gravity becomes smaller, d’lie liquid acquires a " treacly ” 
character and is said to pos.scss a high “ viscosity.” 

' Since, in the liipnd state, th(( molecules are practically contiguous, 
it may be difficult to say preci.sely where ont( mok'cule ends and 
another begins, tionscquently, although the term ” molecule ” 
can still be usefully employed in dealing witlothe liquid state, it 
has not that exact meaning which it posse.sses where the gaseoijf 
state is concerned. • 

Tihe Crystalline State. So long as ^he sodium chloride remaiifs 
liquid, the whole mass is without rigidity or d(ffinite structure' Tt 
would be rcalonablo to sfippose that there must be some delinite 
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geometrical arrangeni'cnt of the atoms througl]out the whole mass 
which ^ould fi'o fnore ^table than/’ny othet. Whilst the temperature 
remains .elevated, the thermal movement the molecules relatively 
< to one anotheV creates too great a disturl)a'ice for the attainment of 
that stable arrangement. But, as the liquid cooiS, a temperature , 
is reached (the “freezing-point”) at which the sialt begins to 
“ crystallize ” at one or more points, and the crystedlization sjjreads 
out from these p(unts until the whole mass ir .solid. The substance 
has now acquired rigidity -it will retain its form evert after 
removal from the containing ve.ssel. < 

If the oiy.stalline sub.stance is again heated, it “ melts,” returning 
to the liquid condition. In a pure substance, the “ melting-point ” 
should b(^ identical with the true “ freezing-i)oint.” It is often 
po.ssible to cool a molten substance below the true freczing-])oint 
without .soliditication commencing, but the ” mper-conicd " li(|ui(l 
is in a “ mrlasfdhlp " condition, aivl will commence to crystallize 
at once if a minute crystal of the solid substance es added as a 
nucleus. The " freezing-point ” or 
“ melting-point " can bo dejlned as the 
tempeiatuif* at which solid and liquid 
are in equilibrium. 

The remarkalde ap 2 dica(ion of (he ' 
.\.-rays to the problems of crystal 
structure* has actually led to the di.s- 
coveiy of the probable arrangement of 
atoms in a cry.stal of .sodium chloridiu 
If we (am imagine the crystal divided into minute cubes (the length 
of the side of each cube being 2-8 X 10 * cms.), the centres of the 
sodium and chlorine atoms will be placed alternately at the corners 
of the cubes, as is shown in Fig. 6. Each sodium atom is equidistant 
from six chlorine atoms ; each chlorine atom is equidistant fr()m 
six sodium atoms. Probably each sodium atom has lost an 
electron and is therefore positively charged, whilst each chlorine 
atom has gained an electron and is negatively charged. Any given 
atym is nearer to th(( “ unlike ” atoms which should attract it than 
to “ like ” atoms which would repel it: y)robably ib is this last 
fact which accounts for the stability of the structun^.^ At all 
events, the structure is so stable that the crystalline salt possesses 
rigidity. This do(‘s' not mean that all thermal agitation has ceased 
the erystalline sfate. The atoms coidinue to move, but, .so long 
• 

« * \V. }{. & \V. U. ^'roc. Hoy. Sor. 88 [A] 428 ; 89 [A] (1914), 

24 %, 277. 498. ^ «h<irt unci sitriplo uccoimt of tin* work is givon by W. H 
Bra^, Trans. OJieni. Hoc. 109 (J919), 252. 

^ See W. L. Bragg, Phil. Mag. 40 (1920), «183. ' 
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as the tfiniperaturc is below the mcltfng*j)oiiit, theh- range of 
nipveraent is lirnifod, and they mehely oscillate,about tfee me.»n 
positions shown in Fig,i6 ; the crystal-sta-niture Is thus preserved 
in spite of the thermal movement, . * • 

The “ identity of the molecule ” ’ may be said to vanish com* 
j)letely when sodium chloride crystallizes. Each sodium atom is 
surrounded 1(y/i>^ chlorine atoms; but no one»of these appears 
to hftvc closer claims to bo regarcted as its special partner than any 
othc". If the word ‘^nolecule ” has any meaning at all, the whole 
crystal must be regeyded as a single molccide. It is true that a 
salt like sodium chloride represents an (•ctremc^ exanpdo of the 
inapplicability of the term “ molecule " to the case of crystalline 
substances. Further work may prove that in some solid substances 
there exist groups of atoms which arcc specially closely relat(Ml 
iogethcr. There is already evidence that this may be traic of 
organic compounds, which ityhould be noted, arc in gcneiid much 
more “compressible” than inorganic compounds-- :r fact wliich is 
no doubt connected with the presence of “ voids ” between the 
different molecules.^ The latest X -ray investigations of the crystal- 
structure* of such organic (rompottnds as naphthalene ^•certainly 
S(‘errt to show that it is legitimate to employ the word “ molecule ” 
f.ir the groups of closely i-elated atoms in solid oraanic bodies ; but, 
i.: most inorganic rrompoimds, it is probably irrcorrect: to speak of 
“ molceirics ” as per'sisting itt the solid state. 

'.rire strrrcture of sodium chloride sketched in Fig. (i shows that 
(he atoms are arrarrged in layers sitir.rted along parallel ]rlanes. It 
is not surprising to find thrrt the er-ystal breaks along tlre.se planes 
(“cleavage planes”) rmae i-asily (ban in other- directions. If a 
large crystal of sodium r hloride is trr-oken up the pieces will be 
found to be Ix.unded by three |)lanr's at r-iglit angles, and often 
approxinrate in shape to small cubes. 

Irr fact, crystals may be said to differ fr-orii lirprids and from 
glasses mainly in posst».sing “ differenf pr-operties in dilfcrerit 
diree.tions ” ; the systematic arrangement of (he atoms in ciystals 
as opposed to the chaotic arr'angernent in li(|uids and glas.ses'- 
readUy accounts for this distinctiorr. Some classes of crystal* ai-e 
found to have varying conductive jiowers for- heat or for electricity, 
according to the direction in which they arc trusted. Very commonly 
the optical properties vary according to the direction in uhich the 

light pa.ssr's through the i-r-ystals ; occasionalK'. the r-rvstal ap))eitr's 

> 

• 

* A. H. Compton. ./. Franklin 185 (1918). 74;'). I, T<tinginuir- J. 

^er. Ohm. Fov. 38 (191(>), 2221. » • 

* Soe A. .Koih, Zeitsch. I (\92()), 204. 

® Sir W. II. Bragg, Prot. Phys. Foe. 34 {1921), 33. 
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to have onei colour il vyewcd in one direction and a different colour 
when it js vi^wjpd in another direction. Efcn tih^> chemical activity 
o^ crystals appcai’s toivary with'“the dirc^.fion ; a corrosive acid, 
acting upon a crystalline graii\ of metal, dissolves it more quickly 
in some directions than it docs in otherS. Tiny “ etching-pit ” 
produced has, therefore, an outline- often that of a cube or octahe¬ 
dron—which is ckisely I'clatcd to the internal !yTa^iK<^'i'r''t of the 
atoms. ‘ 1 « 

One of the most important peculiarities of the crystalline tilate 
is displayed by the fact that a freely growing crystal usually assumes 
a definite geometrical form. Freedom of growth is e.ssential in order 
to obtain this form. If a quantity of sodium chloride is fused and 
allowed to solidify in a ve.s.sel, the resultant crystalline /nass will 
obviously have the form of the containing ve.s.sel. If, however, 
a crystal of sodium chloride be grown from acpieous solution, out of 
(.mntact with the sides of the a-csscI or with other crystals, it will 
be foqnd to have a cubic form ; and, when we recollect the arrange¬ 
ment of sodium and chlorine atoms in the cry.stals, the appearance 
of a cubical outline is by no means surprising. ^ 

Whilst ciodium chloride usually-'although not alway.s*- appears 
in cubes, other substances crystallize in other forms. In practically 
all cases, however, the arrangement of the |)lane faces tlip,t bounji 
the crystals is not haphazard, but represents some definite rqle 
of symmetry. Faces may occur in pairs |)araliel to one another’ 
on opposite sides of the crystal (centro-symmetry). Or they may 
fall into pairs, oit ojrposite sides of a " plane of symmetry,” 
and making equal angles with it. L.astly. the faces may occur in 
sets of two, three, four, or si.x, symmetrically arrarrgial around a 
diad, triad, tetrad, or hexad “axis of symmetry” and making 
equal angles with it. In any ease. Ilie fii/mnidrii't'l octiiirrence of 
the facen ift merely an outimrd .nyn of the .syslenialir arrange.ment 
of the atoms throwihoul the crystal. ' 

According to the degree of symmetry ipre.srmt, crystals may he, 
divided into thirty-two classes, which are conveniently grou|>ed 
into six main systems.’ Only one class imnsists of crystals devoid 
of ali symmetry. F“or purposes of reference the elements of sym.- • 
metry corresponding to the different classes is given in the table on 
page 42; but to those unacquainted with crystallography the table 
will convey but little, and consequently a few of the commoner forms 
of crystals— met witl} in the six systems are shown in h'ig. 7. 
?he crystals shown in F’ig. 7 arc assumed to have grown under 

■‘ijhe syiumotry of the differeijt classes of cry.stalH is well described ky 
\ E, H. Tuttonin kiis " CVystallo^apliy and Practical Crystal Measurement ” 
(Macmillan). 
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System. 

Anorlhi * 

Monoolitiic 

• f 


Iftiunibii; . 


'J'et-ragoiml 


Cubic 


Ke.\»i;;(nuil- 

KliuiiilxilM’iiral 


\. Riiuiuljoliwlrul 


t ' n 

Class « Elements of Summitry. 

(1) I|,;y syininotry ' 

(2) (3©nli •O'^yramotry 

(3) 1 Diad Axis » 

• (I) 1 Plane of Symmey-y ^ * 

1 PJUno'of Symmetry; 1 D^id 
‘Axis; Contro-Symmetry * 

I (6) 3 Diad Axes at right*angles 

(7) 3 Diad Axes ; 3 Planes of Syifi- 

metry; Centro-Symmetry 

(8) J Diad Axis, the intersection of 

^ 2 Planes of Symm('try at 

right-angles 

(9) 1 Tetrad Axis < 


/ Example of Substance 
* Grystalllzlnj^ in Glass. 
Caloitim tbio&ulphate 
Copper sulphate 
Potassium tetrathionate 
•Cane sugar « 

Gypsum (hydrated cal¬ 
cium sulphate) 

Zinc sulphate 
Dariu^ sulphate 


kSmitlisonite (basic zinc 
silicate) 

• s 

Wull’onite (lend rniulyd). 
date) 

Plane of Syni- Sclioolite (calcium iung- 
to it; state) 


(10) \ 'J’etrad Axis ; 

metry at right-angle; 

Centro-Symmetry • 

(11) 1 Tetfad Axis : 4 Diad Axes at Strychniiio sulphate 

right-angles to it 

(12) I Tetrad Axis; 4 Planes of Silver fluoride 

Symmetry meeting in it 

(Cl) I Tetrad Axis; 4 Diad Axes; Cassitorite (tin oxid<’) 

Ti Planes of Symmetry’; Contro- 
Syininetry 

(11) 3 Diad Axes, one being the inter- (''oii[)er pyj iles (('iil''pS 2 ) 
si'ction of 2 Plane^ of Sym¬ 
metry at right-angles 

(ir>) “ Psoudotetrod ” Diad Axis (no (None kiJjwu) 

substance crystailizes in this 
system, hetico no further ex¬ 
planation ix'ed bo given) 

(10) 4 Triad Axes ; 3 Diad Axes liariuin Jiitraxo 

(17) 4 Triad Axes ; 3 Diad Axes ; 3 Iron pyrites (FeS^) 


Planes of Symmetry ; Centro- 

Symmetry ^ 

(18) 4 'JViad Axes ; 3 T<drad Axes ; Sodium cliloiKic 
fl Diad Axes 

(I!)) 4 Triad Axes; .3 'J’etrad Axes: Motullie sil\cr 
it Diad Axes; 9 Planes of 

Symmetry ; Centro-Symmetry 

(2(1) 4 'I’riad Axes ; 3 Diail Axes ; b BC'ikIc (zinc .sul|)ludo' 


Plain's ul' Synmii'try 
'(21) 1 Triad Axis 

(22) 1 Triad jXxih ; Centro-Syrnmetry 

(23) I 'J'riiul Axis; Plane of Syin- 

inelrv al t iulil-angles 
(21) I Tria<l Axis; the inti'fsrct ion 
of 3 Planes of Symmelry 
(23) I 'I’liad Axis : the int(>rHee(ioii 
of 3 Planes of Symmetry. A 
j fourth Tiaiic of Symnietj»‘y at. 

right angles to it ; 3 Diad 


.Sodium periodate 
T'hetiaUite(beryllium sili- 
cat»') 

(None ivjiovvn) 

Cns^iookilA (cadriiiimi 
sulphide) 

(None known) 


d?*^f^ngona( 

* 

I 

t V 


Axes. 

(2(i) I 'Triad Axis; 3 Diad Axes at 
right angles to it. 

(27) 1 Triad Axis ; 3 Diad Axes at 

right angles to it; 3 Plane.s of 
. Symrnotry ; Centro-Symmetry 

(28) J Tlexad Axis 

(2ft) 1 .Hexad Axis ; 1 Plano of Sym- 
^riictry at right-angles to it; 
Centro-Symmotry 

(3u) I llexad Axis ; (» IManos of 
Symmetry 

(31) 1 Ifexad Axis; ft Plan(;s of 

«. Symmefif : Centro-Symmetry 

(32) 1 Hexed Axis ; fi l)ia<l Axes at 

right-angles to it « 


(^luirt/. (silii'a) 

Oalcite (calcium cnrbo;i- 
ate) * 

Lithium potassium sul¬ 
phate 
Apatite 


Silver iodi<le (probably) 
Bervl 

■ • 

Jfouble salt of lead anti¬ 
mony • tartrato and 
potassium nitrate 
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represents a crystal grown under oon(fiti(»ns more favourable for 
fjie development'of some faces than of others,’ *\s a aesult, 4he 
crystal has an ill-shaifcd appearance, 6uf, nevertheless, it obeys 
the laws of crystal synimetry, just as well as the avenly-dcvelopftd 
crystal 7 d, wi4h which it is crystallographically identical. For tfie 
laws of cry.stal symmetry merely govern the angles which the various 
faces make wjfh.the planes and axes of symmetry, and do not 
deCbrmine the size of the individual faces. 

Of considerable importance in crystallography is the occurrence 
of compound crystuts, or twins. An 
example is shown in Fig. 8. Here 
we see a twin crystal of gypsum, con¬ 
sisting of two single crystals arranged 
symmetrically on either side of a 
twinning - plane, Tlie twinning- 
plane is invariably parallel hi a pos¬ 
sible face gf the (aystal, but is never 
parallel to a plane of symmetry of 
rfhe ain|;le crystal. This kind of 
twinncdcrystal has frequently a re-entrant angle on out' side, and 
is sometimes known as the “.arrow-head twin." The re-entrant 
•uiglc a*ad general a])pearanee aid the observer to recognize the 
■«ombination as a twin. Other types of twins, however (including 
those in which there is a twin-axis, instead of a. twinning-plane), 
are moredillicult to recognize ; and in many ea.ses thi^ earlier crys- 
tallographers were led to regard what was really a twinned crystal 
of a substance ery-slallizing in a cla.ss of low symmetry as a single 
crystal hidonging to a idass of higher symmetry. 

.Many sulistanecs including some rock-forming minerals, such 



' • as plagioelase felspar arc found built 

- "I’ innumerahk^ thin parallel twin- 

-lamell®. The planes separating the 

.viTyTX i, • lamella; act as t winning-planes, and the 

_' y yT material is orientated differently in alter- 

- lamella;. Mo doubt the layers of 

•-,-atoms on each side of a twinningtplaiu; 

jfjg make eipial angles with it, possibly in the 

manner suggested in Fig. 9. The edge 
of a crystal made up of twin-lamella;, viewed in the correct light, 
will often show a series of stria', due to reflwtion from the parallel 
facets u, a, M, or, alternatively, from the -series b, b, b (Fig. »))^ 
Twinned crystals of a similar character occur also in metals which 
fiave been mechanically strained, a.< will be shewn in Cha^Scr JI 
of this vtlume. 
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Crystal-Structure of Metals. Whilst the symuicfry and 
cryital hqbit of ,•'.11^common sub.stances have long'heen known, and 
the, characteristic 'angles between faces haw been measured witli 
great accuracy, the internal arrangement of atoms, which give 
rite to the symmetry, i.s only known for a comparatively few 
compound.s. In the e.xampk^ which has been considered above, 
sodium chloride, the arrangement of atoms is (;\tp'moly simple. 
Many other binary compounds h.ne a similar internal structiwe. 
But most compounds containing more than two elements have a 
far more complicated arrangement of the component atoms, and it 
is often difiicult to descKbe it without the ai(1 of models.' 

For the purpose of this book the crystal-structure of the metals 
in the uncombined state posses.ses special importance. Most of the 
commoner metals crystallize in the culiic system. Thei'c are three 
important ways of arranging the atoms which woulil givt^ thl^ 
necessary symmetry of the cnl)ic system. We may imagin(> spacer 
divided into minute cubes of equal size, and then pictun' the atoms 
arranged with their centres at the corners of the cidics ; this 
arrangement is represented by the simple cubic space-lattice, 
(Fig. 10a)‘. Again, we can imagine an atom at the eoiPner and 
also at the centre of each cube, as is repre.sented by tin* centred 
cube space-lattice - (Fig. Kli!). Thirdly, we can ])icturc tl|<‘ atoms^ 



.1 /< <' • 
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j)laced at the corners of the cubes and ako at the cenlres of the 
facc.s ; such an arrangement is repre.senterl hy the face-centred 
cubic space-lattice (Fig. lOc). 

Nofr, of the common metals which belong to the cubi|( system* 
it has been found that ': 

* The structure of sevoral coiapmmds is discu.sBial l>y W. H. and VV. L. 
Bragg in their Iwnk on," X-rays and Crystal .Struetinc " (Bell). 

^ Often called the hodj,.centred nihie lalti(a‘ In di.stingiiisli it from tho 
faf^entr(‘d cuhie lattice. 

c \V.4f. Bragg, mi. Mag. 28 (HIM), tia.a ; Tmii.s. r/„m. ,SV,c. 109 (1910), 
21)2. § A. W. tluil,/fee. 10 (It)]/), (li!l ; Tfan.s. .i/acr. Inst. Kli'-clv, Kng. 
38 (19f^, 144/1; .SVaV/tce, 52(I920),,(J27. P. .Selicrrer,/'Vt.t/.v./rt7sc/t. 19(1918)', 
23t L. Tegard, P/nl A/nj. 31 (191(1), *:); 32 (191(1), (1.9. I’. Dehye, /'A™. 
Zeitsch. 18 (1917), 483. . • 
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Iron, (Jiiromjuni, Molybdenum/T^ngsten, Sodium and 
Eitbium have thck aftniiH ^n^ui<;ed on a cen^eH-tubic spate- 
lattice (Fig. 10b). / * * , » 

Copper, Silver, Gold, Aluminium, Lead, Rhodium, Plafi- 
num, CobaIt*and Nickel have their atoms arranged on a face- 
centred cubic space-lattice (Fig. 10(). 

ftlagnesiuffi, *Cadmium, ^inc, Antimony and Bismuth 
erystallizc in the hbxagonal-rhombohedral system. 

Tin (in the form usually met with) erystallizes in the tetragonal 
system. 

It is significant llial most> of tlie ekme.nU erystalli/t' in the systenis 
(cuhie and hexagonal), possessing high degrees of symmetry, 
althougli among compounds containing tlire(‘ or more different 
atoms crystal-systems witli low dt'gri'es of symmetry (rhoinhic, 
monoclini(‘ and triclinie) are more generally met with. It is 
impossible to go into detail;? of the explanations suggested^ but it 
may be stilted genm-ally that it is (uily to hi) expected that an 
^ordered assemblagi^ of atoms of a single kind will 2 )ossess a higher 
degree; <M' symmetry than an ordert'd assemblage eontaiwing atoms 
(ff several diftenud kinds,' 

« Ison*orphism.- It is not surprising to hnd that substances 
having analogous formula; frequently crystaili/,e in the same form. 
'Die following substances, each composed of an alkali-metal joined 
with a halogim, crystallize in cubes 

Sodium chloride Na('l; Fotassium eliloride KOI ; 

Potassium bromide* KPr. 

Without doubt, the erysial-arclnte'eture is the same in (‘aeh ease. 

' One was ^iven hy W. liarlow ami \V. .). Pope, Trails. Client. 

91 (1*107). I ir)0, wlio assinmvl ttio atoms tn lu‘ iiKionipre.ssible tnit det'orni- 
^ al)lo .s[)li(‘re,s. 'I’lu' most natural ami (‘ompacl nu-tliods of ])ueking halls ()f 
equal size in u box lead to arrungianenis possessing tufher (uibie or liexagonal 
symmetry. Wdau e t be box^-ontains l)alls of ditfereiil- kirn Is and siz(‘s, arrango- 
inonts of lower syjnmeliy are obtained. Sii‘ .1. .f. I’homson, J*hil. 

43 (1922), 721. lakes into ae(;ounl tin* valeney electrons which arc sup]H)sod 
to exist betwts'n the naSallii- atoms in the (‘.rystalliiie stale, juut js tiuis able 
^to correlate the eryslalliTio character of the jnetallic elements with their 
valency. *110 shows that tlie cubic, hexagonal and tetragonal systems are 
to bo expected among elomonts- a conclusion in com])letc hannony with the 
facts. Klementa with one valency electron .should possess cubic symmetry, 
wliilst divalent elements shoul<l po8.soss liexagonnl or tetragonal symmetry. 
It is certainly noteworthy that most of tlic ohaiuaits of Groups Ia. and Ib 
( sodium, lithium, copper, silver and gold) are cubic, whilst most of those of 
Groups IJa and 11 b (magm^sium, zinc, cadmium) are hexagonal. Hov^Wer, 
calcium is beliovi'd to be cubic. • 

^ * The internal .structure of mixed crystals, as revealed by the X-ray 
method, is discuKsed by b. Vegard aml#H. Hchjelden^), Fltifit. Zeii^ch. 18 
(1917), 93; L. Vegard. Zeitsch. Phy*fi. 5 (1921), 17. ('ompare the views*of 
G. 'I'ammann, Znlach. ^f(■tallkund€^ 13 (1921), 40(>. 
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SimUarly 'crystals o4' Slagnesium sulphate MgSOi-TliaO and 
ZiiM sulphato ZtnS 04 .THj 0 are rljonibic prisms* almost indistiw- 
guiuhable from one ancithcr in appearS^icc, although slight 
differences' in the angles between faces can be found if the two 
crystals are measured accurately. Hero also the' crystals are 
evidently built up in the same way; the metal (zinc or magne¬ 
sium) evidently ha^i the same position in the ci’ystol-structure of 
both salts. ' ^ 

By crystallization of a solution containing a mixture of zinc 
.and magnesium sulphates it is easy to obtain crystals-- perfectly 
uniform in character - cbntaining both metals ; the two metals 
may he present in any desired proportions. If a series of such 
“ mixed crystals ” are prepared, ranging from j)ure zinc sulphate 
at one end to pure magnesium sulphate at the other, it is found that 
the angle between the faces varies gradually as the zinc is replaced 
by magnesium. Evidently tlm rule the metallic atoms in the 
mixed crystals is fdled partly by zinc atoms and partly by .magnesium 
atoms. The mi.xcd sulphates can be written (Zn.Mgl.SOj.fH ,0. 
Pairs of salts which have the same form, and which give lise ti» 
mixed cryHals, are said to be isomorphous. * 

The vague, and therefore convenient, term “ solid solution ” is 
often ap])lied in speaking of ca.ses of this kind, In a mi.xed cry.stal' 
containing both zim^ and magnesium sulphates, we can dcscrilx? 
the zinc sulphate as being hold in " solid solution ” in magmwium 
sulphate, or the magnesium sulphate as being hekl in solid solution 
by the zinc sulphate. 

Glasses. If a liquid substance is cooled very (juickly to a 
temperature far below the ordinary frc'aingqioint, the movement 
of the. molecules may become gn'atly reduced befora t inut has been 
allowed for the arrangement of atoms into the detinite, crystal- 
structure describeil abo\'e. In such a ease a glass is formed. A ' 
glass, owing to the small thermal mo\c‘jnent of the molecules, 
possesses as great rigidity as a crystalline solid. It is possible 
that in a glass the molecules may actually be linked up in chains, 
but, Since the arrangement is chaotic, and not ordered as in a 
crystal, a glass will have the same properties when tested in all 
directions. It posse.sses, for instance, no chiavage planes, or 
directions along which it can break with especial case. A glass is 
regarded by some writers as a liquid of such extraordinary high 
visebsity as to be practically rigid. When heated, glasses gradually 
soften^ becoming more and more like ordinary liquids as the 
tqmpemture risea; there is it.) definite melting-point, such as is 
observed in the case of crystalline solids. .If a glass i.s pre.served 
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for some time at a temperature a littl^ b%low the t7ue melting- 
pgint of the cryst^line form of the 'substance, “ j^witrification*” 
usually sets in, ami tjjk; glass gradually cAaiiges to a (uystalline 
mass, the atoms arranging tlieinsehes to pro(lu<a;^Uie more stahh', 
structure. • 

Many salts are difficult to obtain as glasses, but silicates, borates 
and phosphate^ a*B readily obtained in the glassy form even when 
the4:ooling is fairly slow. MetalS also are thought to be converted 
in part to a vitreous or glassy condition when subjected at low 
temperatures to violent mechanical treatment, which annihilates 
the crystal-structure of the material, ami lea\'es tlu^ metal in a 
practically amorphous, structureless condition. 

Solutions. A .striking effect often noticed when a solid and a 
liquid are brought into contact, is ttu^ “ dissohition " of the solid 
by the licpiid or ".solvent'' to form a homogeneous solution. 
Api)arentlv the molecules of»the solvent moving past the surface 
of the solid ;«e able -as a result of their violent thermal moveiflent 
to drag away material into tin* liipiid phase : the dissolved material 
Iftf "solute") comes thus to share the thermal agitation of the 
li(|uid imdeculcs. 'the jrrocess continues until the concentration of 
the solution reaches the solubility limit," after which no more 
!%lid is4iissolved ; the solution is then said to be saturated. If 
itSupei saturated solution, t hat is a .solution having a concentration 
higher than the “ solubility limit-,’’ is brought into contact with tin' 
solid, the reverse process, " crystallization," commences, and 
continues until the concentration is reduced to the sohibility limit, 
at which equilibrium is once more established. Evidently the 
eqttilibritim between a solid and its saturatetl solution is reached 
when the two op])osing processes, 

(1) dmShtioD, or irassage of solid into the li(|uid phase, and 
^ (2) cril'ilallizaliott, <ir passage of dissolved jnaterial on to the 
solid phase, 

take, place with equal velocity, and thus balance one another. 

In the discussion of a very dilute solution, the term “ molectile " 
recovers the exact meaning which it possesses in the ease of gases, 
"For the ultimate particles of the solute must be separated—in a 
dilute solution—by distances which tire huge compared to the 
particles themselves. It shottld, however, be remembered that they 
are not separated by space—as in the case of gaseous molecules— 
but by an atmosphere of solvent . The dissolVed molecule is sojp^ 
times composed of t wo or three gaseous molecules “ asaociSted " 
together. But even more common than “ association ” i^ the 
opposite phenomenon, “ dissociqtion.” For instance, an atfueot* 
solution of Sodium chloride does not cont ain NaOl molecules to any 
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large extent; the chaVgecl atoms or “ ions,” Na' and Cl', appear 
t(t mow about' yidependently at, aiiimechible distances from one 
artother. This kind, oi dissociation will b('*'|i'onsidered further at a 
Ikter stage. , 

As a result of thermal nnnement, dissolved nio!.eculc.s, or ions, 
frequently collide with one another, and may interact. In fact, 
most of our chetnical reactions are convenieiitly» carried out in 
solution. ' , ' 

Controvei'.sy has raged over the que.stion as to whether the 
solvent and solute are ” chemically united.’I The fact that the 
process of solution is often accompanied by heat-evolution, in spite 
of the fact that it inva)lves passage fi-om t-lu! solid to the liquid state, 
points to some real chemical combination in those cases. Moreover, 
it is difficult to think that the solvent could drag the solid into 
solution without some form of union with it. Undoubtedly, in 
many ca.se.s, the forces binding the sqliite to the solvent are similar 
to thftse which exist between the molecules of the splvent itself. 
This view tinds sup|)oi't in the fact that a .solvent generally dissolves 
most readily thosi' solids which have a composition like to itso'f 
{“ Similia similibus solvuntur”). For instance, the solid hydro¬ 
carbons are very soluble in liquid hydrcjcarbons, but have oitly an 
extremely small sohdiility in watei'. Salts containing o.»ygen, (t.i 
the other hand, are, in general, freely soluble in water, but nearly 
insoluble in liquid hydrocarbons. 

In certain cases- notably in the dissolution of oxides in water- 
very marked chemical combination accompanies the process with 
the formation of sub.stanees having delinite and distinct polar 
formul®. Thus sodium oxide (NajO) with water forms sodium 
hydroxide (Naf)H), whilst )iitrogen pentoxide (N./) 5 ) forms nitric 
acid (HNO;,). It is conceivable that in many other ('a.ses where 
soluti(m is accompanied by a ri.se in temperaturi^ the closer ty))e of 
combination here suggested may also occur, although often we have 
no means of verifying the suggestion, ‘ 

'J’he solutions of salts and simjrle substances-- iji whieh the 
solute molecules are very small— appear to be completely clear 
and homogeneous. As we pass to solutions in which tlvulisi)erscd 
particles of the " solute ” are bigger, the appearance becomes 
visibly turbid ; such solutions are known as colloidal solutions, 
and it is often possible- by means of an instrument called the 
,^ltra-microscope ’’-•'- actually to observe the " colloidal particles ” 
of the solute. It is interesting to notr^ that the particles may be 
seftt^ in a state of motion (‘‘ Brownian Movement”), which may, 
iiidee*!, be regarded as thft thermal agitation. From colloidal 
solutions we can pass by imperceptible steps to line‘suspensions, 
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and tlioiice t<i coarw', siisponsions, sui»h as arc, madt! J)y shaking 114 ) 
sand in wator. The, lij-ciwnii^i 'Movenunit •raphSy diminishes ^s 
the ])artieles become hifjgei-. A suspension of shnd in water elcarljt 
constitutes a heterogenortns (or two-pliase) system, bill the difference 
between a Jieferogeneoiis •' suspension ” and a homogeneous 
“ solution ” is only oni‘ of degree, the so-called eo^oidal solutions ” 
constituting a liiiTi between tluj two.' Colloidal solntiobs are 
further considered in*Clmpter VII of this volume. 

A word must be added regarding tlu^ mutual solubility of two 
liquids. If the two tirpiids an' alike, the,^ will (irobably mix in 
any projiortions to form a single ))hase. If they quite unlike 
they will form tw'O separate layers, the lighter liquid ri'sting on the 
heavier liquid, and being separated from it by a well-marked 
boundary showing a Idgh interfaeial tension-the sign of dis- 
eontinuity. If the bonndarv is disturbed liy the agitation of the 
liquid with a stirring-rod, tlie iBterfaeial temsion, aided by thejoreo 
of gravity, pulls the surface " taut ” again as soon as the stirring 
ceases. 

Ifreipienyy, howcvi'r, there is a jiartial “ miscibility,” tl»i lighter 
layer dis.solving a little of the heavier li((uid, and the heavier liquid 
dissolving a little of the, lighter. An interesting ease is that of 
jdienol aiRi vvati'r. If these two substances are shaken together at 
the ordii ary tem|ieratnres. and allowed to stand, they separate 
into two iiqtiid layers, the ujiper one consisting of a solution of 
jihenol in water, whilst the lower one is a solution of water in 
phenol. However, as tlu' tcmpeiature is raised, the water of the 
upper phase is able to dissolve more phenol, whilst the phenol 
of the lower phase is able to dis.solve more water. The two layers 
thus becorne^more alike in eonqrosition, and the inti'ifaeial teirsion- 
the sign of discontinuity at tin' boundarv- diminishes. Finally at 
(ifi the composition of the two phases becomes identical, and 

the boundary vantshes. .^bov<' that ti'inperalnre the liijuids are 
miseihle in all proportions.® 

Surface Adsorption. It has already been pointt'd otit that the 
molecules at tiu' houndary of a liquid or at the inti'rface between 
tw'O liquids are in a. special condition, and that the contractile 
forces known as " surface tension ” oi' ” interfaeial tension ” are the 
result of this condition. The situation of the atoms at the surface 
of a solid substance likewise requires special co)'sidcration. Since, 
however, the solid posses.ses rigidity, the surface cannot shrink, 4110 
surface phenomena of a rather different character iirti mot with. » 

Imagine, a crystal, such a.s mica, sph* into two Imlves, along*a 

' See J. Perri*!, " Atouia"; translation Ity 1). 1,1. Tlunnnick ((,'on,s(,abl()). 

“ V. Huthmuiid, Zeilwh. Pln)x. Client. 26 (1898), 43:). 

M.C.—-VOL. I. 
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(jleavage plane. The forces, At liicli before the ^splitting united the 
two halves to'gel^u'r, are now iiv»>ilable for tlio attachment of fresh 
.atoms to the newly exjiosed surface. .Vcordingly the surface, 
unless pre.scrv(d in vacuo, readily hecoracs covered with a film of 
■■ adsorbed ” air or moisture, held chemically by thv newly available 
forces. As a result a freshly e.xposed surface has dilfeixuit properties 
1o an (dd surface; it possess(vs, for instance,''different frictional 
properties and a different electrical conductivity^ 

It is probabh^ that the adsorbed film upon a plane surface is not 
more, than one molecule thick.- Ad.sorptic:i is a purely surfaci^ 
phenomenon ; porous materials adsorb more freely than do compact, 
materials mainly because they have a far lai'ger surface. The 
adsorbed layer of air, moisture or grease is often e.\tremely dillicult 
to remove by mechanical means or by heat, being apparently belli 
by forces similar to those resjwnsible for chemical combination. 
The b'ndeney to adsorption depend^ on the nature, of both the solid 
and the gas ; hydrogen is adsoi'bed by iilatinum fao more readily 
than the inert gas argon, for instance. 

Intel facial Energy. Intcrfaeial tension e.xists at the boundiry 
wdiero a liquid comes in contact w.'ith a solid and lias a most marked 
intiuence upon the behaviour of the materials. Tlie behaviour is 
most easily expres.scd by the principle of " surface energy.”" A 
certain amount of work must be performed in overcoming the 
forces of interfacial tension if we are to increase tlie area of the 
surface of eontaet between two iliiTerent materials. Thus we can 
regard a certain amount of “ intcrfaeial energy ” involved in the 
exislcnee of any interface ; the intcrfaeial energy jier unit area 
(at any given temjieratnre) depends on the nature of both mati.irials, 
being in general least wlien the t wo materials arii similar in character. 
Now consider a drop of liquid placed on the surface of a solid ; 
it may either remain as a drop, or it may spread itself as a film oi'cr 
the surface of the solid. Sucli a spreading w'ill increase tlie area of 
contact between liquid and solid and between liquid and air, but 
it will decrease the area of contact between solid and air. If, as 
a whole, tlie spreading would involve an inermse in energy, it e^n 
only take place if mechanical work is ap)ilio(l by some outside 
agency to force the liquid over the solid. If, liowover, the spreading 
involves a decrease in energy, then it will lake place .spontaneously 
w'ithout any interference from outside ; in such a case the liquid is 
sa^d to “ wet ” the solid. 

' See W. B. Hardy, ,1. Noc. Cltcm. Ind. 38 (1919), 7; T. W. B. and J. K. 

» HaVdy, Fhil. Mag. 38 (1919), o2. Ooinpare, however, the somewhat diilerent 
utandpuint of li. M. Budgett, Proc. Hoy. Hoc. 86 (1912), ?C. 

1. bangmuir, ./. Amer. Chew. Hoc. 38 (1^16), 2221 ; 39 (1917), 1848. 
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If the values of^the interfacial eri,ergy (jfer unit area) between 
tht! solid (S), liquid (L^knd ■wr,(A) he ex]i;'e,ssoii 1^' the1<ymbors 
and then I^lc altei'ation of surfac;o energy djui to iRe 
drop spreading itself o"er an area u nnist he 

* + 'h., O'M) 

Only if this is nej^tive will the liquirl s])read spontaneously over 
(he :#irfa(!e of the solid. In other*word.s, if 

the liquid will “ wet ’ithe solid, If this relation does not hold good, 
llu^ li(pnd will not “wet” the solid, hut will nnnain gathered in 
small drops. 

If a narrow glass tube is inished vertieally below the surface of 
water the water will rise in (he tube, heeause sueh a movement 
involves a decrease in the energy eonneeted with the interfaces 
water, glass and air; on the (jfher band, if a glass tube is pushed 
into mercury the morcuiy staiuls lower in the tube than outSide. 

Again, if a. pasty rai.xture of whit(^ lead and water is churned U|r 
with li nseed oil, the oil e-\])els tln^ water from the jraste, and at the 
end we are left^ with a viscous niixtuie of oil and white lead, along 
with a separate watery phase (free' from white lead) above. The 
(!.\pulsioi»:)f the water by the oil takes place beeausi^ it involves a 
de, i-ease hi the interfaoial energy of the system. The phenomenon 
is of sonic importance in the manufacture of mi.xed paints.' Like¬ 
wise, if a line jiowdcr is shaken up with two immiscible liquids, it 
may enter one or other of the liquids, or alternately it may adhere 
to the interface between the liipiids. >Somc powders do the one 
thing and some the other ; it is the relative values of the interfacial 
energy e.xisting between the three materials that settles which wilt 
occur. ThisTs a matter which w ill be referred to again in connection 
with the flotation of ores. 

If a metal is allowed to stand in contact with a corrosive liquid 
which acts on the metal so*as to produce a solid cori'osion product, 
this solid product may either cling tenaciously to the interface 
between .solid and liquid, in which ease, it is likely to interfere 
With furthc" corrosion, or it may pass readily into the liquid, 
and interfere but little with further action. A comparatively slight 
alteration in the character cither of the metal or the liquid may have 
a striking effect in determining whether the corro.sion product 
shall form a protective film or not." ‘ 

When a solution comes in contact with a solid, “ adsorptiiTii ” 
often occurs at the interface, where sueh adsorption leads to yie 

' Compare, VV. Rcimiere, Clinu. Witihlad, 10 (lllllt). 708. 

^ (’omiuvre IT. R. KvuIih, Trans. Faraday ISocirty, 18 (1922), 1. 
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IpB'ering of tho iiitcr/iKual eijergy of the system. Tlius when thjii 
interfadial teilsi^n hetw^eii tlie .eolad am^ solution (lecrennes witli 
Uic eoncrnfration of the solution, the sohife will lend to eollee.t at 
the interface', lead the eoneeniration of the solution next to the solid 
is higher than that of tlie body of the solution. It'is well known to 
analysts liow tenaciously certain .soluble salts cling to certain 
])recipitates ; in many cases it ,is almost impbssihlc to wash the 
])reeij)itate.s effectively owing to the ad.soi'jit.xm. Again, a .solution 
of potassium permanganate, when run through a bed of .sand, may 
come through colourless at first, the salt Iteing atl.sorbed at the 
surface of the sand. 

The op])()site effect, known as "negative adsorption" (or 
preferential adsorption of solvent) is also known. T'his occurs 
where the inlerfacial tension increases with the concentratioi\, 
and consequently the solution becomes mon^ dilute at the area of 
contact with the solid than elscrhere. Illood charcoal .shows 
posifiV(^ ad.sor[)tion towards potassium bromide, .and negativt^ 
adsorption tf)wards sodium chloride ; in the case of potassium 
chloride, there is jnisitive adsorption at high concentrations, wad 
negative adsor])tion at low tmncentrations.* 

The latent forces existing at the free surface of a substance are 
also manifested in the phenomena of "seizing” and '"frictioli.” 
'I'wo perfectly clean, smooth tnetallic surfaces, when brought tiito 
contact, n ill often adhere together ; but the presence of an adsorbed 
film on tlu^ metal is usually sutlicient to priwent this adhesion, 
Ix’causc the latent forces which wovdd othcrwis(^ be. responsible 
for the adhesion—are employed in binding the adsorbed sub.stance 
to the metal. Oily substances are especially etiicient in reducing 
the adhesion between two metals brought into conta(d ; hence the 
\ise of lubricants in macliinerv to reduce friefion'and eliminate the 
danger of seizing. , 

'I’he effect of adhe.sive forces becomes very marked in the ease of 
very small particles, because very small particles have a large 
surface area in comparison to their volume. The tendency of 
ultra-microscopic. ])articles to join together to form aggregates will 
be met with repeatedly in colloid chemistry. 

‘ S'. O.saka, Me.m. (.'oil. Sri. Kijotu. 1 (llH-t), -'u. 
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Acids, Bases and Salts. All the cloinoMts. i'xcej)t the inert 
giuses anti dnrtrine,he made t<i eonibintt \vith«ixygoM. yielding 
oxides. The oxides of non-tnetate comtnonly combine with'watcr 
to give acids ; thus stdphur trioxide (SO..,) combine.s with water 
(HuO) to yield .sidphnrie acitl (HjSOi). A few of tint oxide.s of the 
metals, for example fiie higher oxide of ekromium (CrOj), have 
also an iieidic character, fn general, however, mtdallie oxide.s 
ha\'(t basic pro|)erties. Many of the metals jiossess oxides which are 
nearly insoluble in water, but the oxides of the metals of Croup Ia 
combintt with water with avidity, yielding soluble hydroxides 
which are called alkalis, ''dins sodium oxide (Na.O) combines 
with water to give sodium hvffroxide (NaOH). . 

,'\eids and alkalis are usually distinguished by their action ujion 
certain colouring materials: an acid, for instance, will turn blue 
litmus redt whilst an alkaline .solution will turn reil litmfls blue; 
phenol-phlh.alcin is turned pink by alkalis, but the addition of an 
ac’d destroys the pink colour. 

Oxy-salts ao' the products of combination between basic oxides 
and acidi uxides. They arc often conveniently prepared by 
neutralizing the .solution of an acid with an alkali, or with a basic 
oxide, water in this ca.se being jiroduced in the reaction; they 
are also in many rases pi'oduci'd w hen metals ari' dissolved in acid, 
hydrogen gas being evolved. Zinc sul])hatc (ZnSO,), for example, 
can be produced in tlii'ce ways: 

'/uO + SO, . ZnSO, 

Zn(OH), -f H,SO,, ZnSO,, + 211,,0 
Zn + ILSO, . ZnSOj + H, 

Zinc sulphate, ZnSO,„ may be considered as a molecular compound 
of zinc oxide and sulphur trioxide, and expres.sod thu.s :— 

• . ZnO.SO, 

It is probably more correct to regard it as a compound formed 
through the tran.sfer of clcctron.s between tin- atoms as indicated 
by the following structural formula : 

tOt. -0 

Zn J-i; 


* 0 ' 


0 
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'loo much importance, howvivor, should not he attached to the 
so-called struhtiifal toripu!® ofidnorgani': salts, since the vtry 
reactivity of these bodies is an indication,ithat tln^ atoms are not 
linked togethevdn definite positions, liki^ tlniwc of carbon compounds, 
but are probably arranged in different ways at dfiferent instants. 
Structural formulas will be only rarely suggested in this hook. 

Zinc o.vide is an example of an “ amphotei'ic oxide ; whilst 
normally behaving as a basic oxide, it cai; also function as an 
acidic oxide. For instance, if will dissolve in the strong alkali, 
sodium hydroxide, yielding a .salt called .sodium zincate, Nadl.ZnO 
or Na,Zn() 2 , in which the zinc oxide |)lays the jiart of the acidic 
oxide. 

Certain acids exist which contain no oxygen. They are formed 
simply by the combination of non-metals with hydrogen ; aqueous 
.solutions of the compounds hydrogen chloride (HCI), hydrogen 
iodide (HI) and hydrogen sidphidy (H.^S) have acidic propprtie.s 
towalds litmus ; when the solutions aix^ treated with basi(^ metallic 
oxides, or hydroxides, the chlorides, iodkh's or sulphides of th(‘ 
metals aye produced ^ 

2H(.’I -I- Zn(()H)j - ZnCI., + 2H..() 

The chloride,s, iodides and similar com])ounds arc generally'groupfd, 
along with the oxy-salts mentioned above, under the general t*m 
“ Salt.” The .same compounds may he prepared free from water 
by direct combination of the metals ami non-metals: 

Zn -I- Cl; - ZnCI; 

Just as two oxkles one more basic than the other—combine to 
form oxy-salts. so also are stable products formed by the combination 
of two chlorides, twr) sulphides or two cyanides, •i'or ex’bmple - 

2KC1 -f I’tCl; K;l>t('l; 

K;S + ('S,. 

KCN' + .\g('N KAg(('.\); 

'I'lu' threi' reactions above give rise to substances very stable in 
solution : the products ai'i' rather illogically known ai; “ comjJcx 
salts,” although they are j)robably no more complex than the oxy- 
salts which are formed by the combination of two oxides. Some 
compounds of a similar nature, such as carnallite KCl.MgClj.tiHjO, 
*.jeppear to break up’into their com|)onents almost completely when 
dissolved in water, and in such cases the term “double salt” is 
enifiloyed ; a solut ion of carnallite behaves practically as though it 
' contained a mixture of jiotassium and magnesium chlorides. There 
is, however, no sharp distinction betw'een “ double ' and “ com- 
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plex ” aafts ; some compounds of this chilra»tcr split oi»ly partially 
injo their components when dissolvcfl. • ^ ^ 

Dissociation of S.^lts iri Solutions. \Vhcn a crystallise 
salt is dissolved in wf.ter it is believed to siiff(i'» t\\o kinds of 
dissociation:—* 

(1) Hydrolysis : a splitting into the acid and base from which 
it if^ supposed to T)e derived. , 

(2) Electrolytic Dissociation or Ionization : n. splitting into 
electrically charged ions, of which the “ positive ion ” consists 
of the most charaotcristio metal present, bereft of some or all of 
its valency electrons. 

Both types of di.ssoeiation are probably iMcom|)leie or balaneed ” 
reactions, undi.ssoeialed salt bging in e(|nililirium uilli the products 
of dissociation. 'I'lnis 

,Zii((.)H),, +^2H('l (Products of Hydrolysis) 

ZnClj + 2H,,o;:^ 

''''/n' + 2( T + 211.0 (Products of Ionization) 

Each kiin^of dissocial ion is favoured by an increase in tlie»(|ua]ility 
of water jiresent ; hydrolysis is also greatly favoured by a ri.se 
of temjjeratlire. 

,'riiat bolli types of dissociation may be |iri'.senl in the .same 
solution IS siiggcsled by the following experiinenis. If a .solution 
of ferric < iiloride (PeCI.,) is placed in a parehnient vessel surrounded 
by pure water, hyilroelilorie acid (H(’l) dilTiises (hroiigh the parch¬ 
ment, whilst ferric, hydro.vide (Ec(Oll),,) remains in the vessel; in 
sueh a ease it is the products of hydrolysis which .are separated 
from one ariotlier, the process being known as dialysis.' If, 
however, (*\ci metal electrodes are iniiner.seil in the ferric chloride 
solution, and an cli'ctric current is pa.sscd between them, metallic 
Iron is formed at one electrode and eliloriiie at the other ; here it 
is the products of ionisation wliich arc obtained, tlie iiroeess being 
known as electrolysis. 

Hydrolysis is most marked in salts in wliieli eillier the acidic 
■ov basic oxide is weak. Bodiiiin earboiiiite is alkaline to litmus, 
owing to hydrolysis, earbon dioxide hi'iiig bnl a feeble acid. On 
the other hand, the solutions of many inetallie salts have an acid 
reaction owing to the weakness of the base, iiiul readily deposit 
insoluble metallic, hydroxides or hasie salts. , 

The following table,- shows llie pereenlage hydrolv'sis of sever..)*’ 

• 

Soc M. Ncidlo and ■). lianid, J, Amcf. CZ/rnf. Sor. 39 (1017), 71. * 

'■* The tnblo \h propurod from dotonninatitfiis y,ivoii by (’.•Knllgrcn, Zeitsch^ 
Phys. Chem. Mb (1913), 46^. 
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metallic salts at 100' C, It will be noticed how miiiih the hydrolysis 
ipereascs with the dilution 


'4 

> Salt. 

< 

Concentration. 

Ifydrolysis. 

j'erernf. 

Alutniiiium chloriAo (AICT)). 

N/,'te 

N7512 

9-92 


47H8 

Ahmiiniurn sulphate (Al 2 (S 04 ) 3 ) . 

N/f4 

9-64 

' 

N/1024 , 

48-22 

Morcurui ciilorido (HgCL) . 

N/.'52 

1 -3;". . 

Cupric chloriHo (CiiClj) 

N/32 

0-612 

Oiprio nitrate (Cu(N 03 )J . 

N/32 

0-648 

Load nitmto (Pb{NO;0;) 

N/32 4 

0400 

Ammonium nitrate 

N/32 

0-0776 

Ammonium clilorido {N 114 C 1 ) 

N /:!2 

0-0786 

Ziiui chloride (ZnCIj) .... 

N /32 

t» 0760 

Ziiu* nitrate (Zn(N'0-))2) 

N/32 

0-0470 

Cobalt chloride (C 0 OI 2 ) 

N/32 

0 OJDt) 

Nickel ehlorido (NiCU) 

N/32 

00194 

Magnesium chloride (MgCly) 

N /8 

000266 

Dlssocintion into chargunl ions is 

a more general 

fiheMomcuon 


than hydrolysis, and has already been referred to in eonneetion 
with the,electronic theory of eombination. In .sodinnn ehloride, 
the elements an' belie\'ed to be held together by the transfer of 
an electron from a sodium atom to a chlorine atom, this transfer 
causing each atom to assume the ” inert gas type ” : - ^ 

Xa—>('l 

The system produced is so stable that, when the salt is dissolved 
in watei', the two charged atoms (the sodium atom having lost an 
electron, and the chlorine having gained an electron) are able to 
move about as though they were distinct molecules. They are 
called ions, and are written : 

\a' and Cl' 

the dot and dash representing a positke and mgative charge 
respectively. When an electromotive forci^ is ap))liefl to the 
solution it is believed merely to have a " directive inlluence ” on 
the thermal movement whhdi is already in existence. The 
“ directive inlluence ” causes the metallic, ions to move to the 
negative electrode (or cathode), whilst the chlorine ions move to 
the positive electrode (or anode); the former are, therefore, known 
as cations, and the latter as anions. 

■“'It is to b(^ noticed that sf)lutions which are believed—for purely 
chemical reasons—to be ‘'ionized," conduct electricity, whilst 
unionized solutions, for iiiftancis solution.s of sugar, are noi.- 
cbnductors. Pure water, which is ionized in a vpry minute 
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(legroe into the ions H-and OH', has a Cery feeble coitductivity.' 

Some oilier exaAi])les of the ioniiation of saltei*and tomples 
salts arc given below ’ 

Na^SC!. 2Na- + SO/' 

* K.PtCU^2K.'+ Pt('l„" 

KAg(CN)2^=^K’4-Ag(CN).,' 

Aeidj ionize in \he following way : 

H.,SO, IP + HSO/ ^ 2H' + SO/' 

HCl H' + Cl' 

• 

It is believed that Hydrion (H-), the nucleus of the hydrogen atom 
bereft of its single electron, is the essential eoinponent of all acids. 
Similarly, it is thought that the essential component of all alkalis 
is the negatively charged groii).,'hydroxyl (OH'), which is obtained 
by ionization thus : - 

NaOII , • 'Na + OH' 

A.fds iibieh are completely di.ssociated, yielding plenty of 
bylrion, are " strong acids," whilst those only partially dissociated 
are *'weaH acids."’ The ■'strongest" acids, nitric ant? hydro¬ 
chloric, are, usually stated to he dissociated to an extent of about 
il.'ijtei c<^nt. in tiecinormal solution. Carbonic acid, a aeak acid, 
is tjnly dissociated to the extent of about, 0-174 per cent., and many 
organic aci-ls are still less dissociated. Other numbers of this sort 
arc given in a table in Chapter V (page 245). and their iuterjiretation 
is dismissed in Chapter VI. 

Similarly, the hydroxides of metals which are fuily ionized are 
.strongly alkaline, whilst those which are partially ionized have only 
feeble alkaline properties. It should he noted that the metals of 
Croups Ja i»nd l^i are almo.st alone in yielding strongly alkaline 
hydroxides. As we pass to other gi-ou]is the alkaline aiul basic 
.'tiaracter of the metals tends to disajipear, and with it the solubility 
of the oxides. • 

'file neutralization of an acid by an alkali is commonly written 
in the form . 

NaOH 4- HCl - - NaCl + H./) 

If, however, the acid, alkali and salt are regarded as completely 
ionized, the reaction can be exj)re.s.sed in ionic language thus :— 

Na" 4- OH' 4- H' 4- Cl' Na' 4- (T T- H.4) 

» 

’ Tlie arguments in favour of the dissociation theory of oiectrolytic dissocin- 
tioivare well summarised by the originator of tiie theory, S. Arrhenius, Tf%ns. 
Faraday Soc. 15 (1919-20). 10: and the general position fs ably discussed 
by G. Senter, Hrans. Faraday Foe. 15 (1919-20), 
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Omitting tJio terms rfonimoii to both sides of the equation, wo 
Obtain :i— i-^ , ' , 

' , ‘ dH' + H = H,0' 

’rho neutraliza'Dion of amj strong acid by aiy strong alkali can thus 
be expressed by this one equation. In other word^ the neutraliza¬ 
tion of all strong acids and alkalis is essentially the same process, 
and it is not surprising to find .that, if cquivaleilt quantities are 
considered, the heat evolved is the same in all oases. This is not 
true if we consider weak, partially ionized acids and alkalis, amongst 
which considerable variations in the “ heat «f neutralization ” arc 
met with. 

Hydrolysis, the change diametrically oppo.site to that of salt- 
formation, has itself received a rather special explanation from the 
supporters of the ionization theory. Water is, to a \ ery minute 
extent, split up into ions, thus : 

, H.,() . H -V OH' 

although such a small ])roporlion of the moleeide.s are affected in 
this way that the hydrogen ioii eorii'cntration of pure water is ot\ly 
about Ki'^ normal. When a little .salt is introduced'iut<i pun' 
water it dissociates fairly completely into its ions, thus 

NaCl \n' + (T * . 

IteCl, -' h’e "' -b ;ici' 
or KCN . K' + t'N' 

If, as in the ease of sodium diloride, the acid concerned is a .strong 
acid and the base a sti-ong base, no further change occurs. If, 
however, as in ferric chloride, the base corresponding to the salt 
is a weak one, its ionization being nearly a.s low. or lower, than 
that of water, the following reaction oeemrs with^tlu^ sipall amount 
of hydroxyl present in the w.ater:- 

Fe"-flf OH' - FelOlI);, 

» 

Since the corresponding quantity of hydrion is left frei' the solution 
aequircs an acid reaction. Similarly, if the acid of the salt is a 
weak one, as in tlic oa.se of pota.ssium cyanide, the following change 
occurs ■ 

ON'+11:-HON 

and the solution is, left alkaline. 

^ Most of the precipitation yiroccBscs, wliich are of such importance 
in inorganics analysis, eaii he re|)resented as reactions between ions. 
If l^y the combination of two ions a salt can hi! produced which 
has a limited solubility in'Water, precipitation is to be expected 
when solutions containing those ions am mixed. Silver chloride 



59 


• (.'hEMicJiL ^reactions' 

(AgCl), for example, is very sparingly s()lul)le*in water. Jf a solution 
of.an ionizing chlorulcjis trej1(;d with a sp1uti(y‘it)f an.ionizin|; 
silver salt, such as silver nitrate (AgNO;,), p;'ocipilation of solhl 
silver ohloride will occur. Thus silver nitrat(; i,s. said to be if 
■■ reagent ” for*(ho detection of ionizing chlorides. 

Oxidizing and Reducing Agents. Where a metal has ii 
variable valone,^, forming more tjian one series ot compounds, the, 
compounds corresponding to the higher valency can often bo made 
to furnish oxygen or its equivalent- to other substances, iind 
are then known as oxidizing agents. Idkowise the compounds 
corresponding to a lower vidcncy often absorb oxygen—or its 
equivalent—and then function as reducing agents. Thus 
manganese dioxide (MnOa) is an oxidizing agent, whilst manganous 
<ixide (MnO) is a reducing agent. In giureriil. when an oxidizing 
agent is mixed with a ri'ilucing agent, they will react, the first 
hccomiug reduced and the •second becoming oxidized. Thus 
pota.ssium pfrnianganate, a .strong o.xidizer containing he|)ta*alent 
manganese, react.s in acid sointioti with ferrous sulphate, a reducer 
cfuitaining divalent iron : the manganese is reduced (o Ihqdivalent 
(condition, whilst the iron is oxidized lo Ihc ti'ivalent (ferric) state. 
The reaction is generally written : 

.IdhVSO, + 2KMnO, 4 

.’d'VdW),):, 4 2.MnSO, 4 2KHS0j 4 HH.O. 

The working out. of s\ich a complicated eipiation may at first 
seem dillicult, but it becomes siinirk' if it be assumed that the 
reaction occurs between heptavalent manganese (Mn''”) ami 
divalent iron (Fo“), with divalent manganese (Mn"), and trivalent 
iron (,Fc'"),as final jtroduefs. It is clear that, if the total electric 
charges are to remain constant, tiu' metals must act in the pro¬ 
portions .shown by the equation : 

Mn'" 4’5Fe’‘ . Mu'* 4 oFi^'". 

And thi.s at once indicates that the juoporlion in which the ])er- 
inanganate and ferrous sulphate mokaailes eiitw' into the reaction 
is* 

K.MnOi : FeSOj — 1 : ,■>. 

The above method of (adculation i.s not invalidated by the fact 
that- as a matter of fact .Mn'''ions have ])roltahly no independent^ 
cxi.st(Mi<-c in Ihc^ peiinanganate solution. » 

Tin' term oxidizer and reducer are often apjilied in clij^iges 
wfiitih involve no actual tran.sfer of lixygen, but *10 which some 
equivalent lubstanoe (o.g. chlorine) is transferred. Thus, in the 
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interaction'of fei'ric o'nloridc FcCl;, and stannous chluri'dc ISnClj, 
iKicording to Vic equation 

2 Fed, + find. =. 21''cd. + Snd,; 
the ferric salt ii; said to he the fixidizing agent, and the stannous 
chloride the reducing agent. ' 

Homogeneous and Heterogeneous Reactions.' Wlien two 
substances react together in solution, or in a uniform gas-mixture, 
the reaction is .said to be homogeneous ; K takes ])lace e(|ually 
throughout the volume of the solution or gas mixture. The inter¬ 
action of an acid and i^lkali in aqueous solution to form a solubh^ 
salt is a good example of a homogeneous reaction. On the other 
hand, the attack of an acid iqion a solid piece of metal is an instance 
of a heterogeneous (or' two-phase) reaction ; here the action is 
conHned to the surface dividing the metal from the acid. 

Velocity of a Homogeneous Reaction.’ .Most reactimis 
between inorganic sulrstanees oer.mr 'with great rapidity, the speed 
being very much greater' at bigb tcmiicratrrrr's tbau' tow, partly 
owing to the increased ruovcnrent of tlic imrlecirles and partly 
owing to.other causes, 'liu' veloeity also depends greatrly on the 
concentration of the rr^aeting sulrstanees in the sohrtiorr (rr mixture ; 
in prardically every case the ehaiige starts tfiriekly, but as Ihri 
I'eaction apprrraches cmirjrletiorr, rrtid the r'r'actirrg srrbstaiiees beeoqjc 
nearly used up, it slows down considerrrhiy. 

Consider the reaction hetuern tri-rilryhiirrine, X((kHj);,, and 
ethyl iodide (C.Hj)!: 

N'(('Jl.-,):r + C'dl,)! .\(C.di,d,l- 

The change depends rrporr thr' irtorris of tri.ethylarrrine anrl those of 
ethyl iodide colliding with each other dtnirrg their Ihcrnial move¬ 
ment. If wc mrrltiply thr> conccrrlrathm of tri-rdhylairrinr' w-fold 
we increase the nurnher' of collisiorrs iM-r sr'corrtl n times ; if. in 
addition, we itrerease the (■oncr'rrti'atiorr of elhyl roilide n tirrres we 
again multiply the rurmher of collisiorrs lly «. Thus, .as the result 
rrf irurreasing the concentratiou rrf cardi r'cagcnt «-fold, the rate of 
interaction is inerertsed times. Had 1 hr' collisioir of three, instead 
of two, molecule.s been irrvohed in the eharrge, the sam.e incrcasr! 
of concentratiorr worrld have irtcreased the velocity times. 
Whilst, if only one rnolt'eule w'crrr ermcerned in tire change, the 
reactional veloeity wotdd Ik' prrrportional to rr. 

It has indeed beetf proved (experimentally tliat tire vrdocity of 
"^Irinyrleeidar ” reactiorrs srrclt as 

Nff’dl J:, + ((CHJI N(C.Tfa,[ 

* 4 t 

’ This subject is discussed in detail by d. W. Mellor in Ins “Chemical 
Statics and dynamics'’ (Longmans, (Jreen &. Co.). * 
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v<ark‘N as tlui sqiiinc of thp coiicentijitiqii; *wli(‘ccns tliat- of “ tri- 
i)i«l('cnlai' ” I'CiKttioiis t^ioh as« , 

H-COONa + iCHa-CifOAK' ^ 

^ ‘2Ag + CO. + CHA'OOJl -?’('H/;OONa ’ 
varies as tlic cube of the eoiR'eiitration, 'I’bese relations may be 
regarded as‘two §xainplcs of tlie Law of Mass Action, wliieli 
slat»s that “the velocity of reartion is jn’oportional to the iirlivi' 
tiiiifix of each of the reacting sulistanci's.'' 

Reversible Reactions. Homogeneous Equilibrium. Tlie 
majority of reactions can take, ])lac(^ in eitTier direrdion, according 
to e.ircumstanees ; e(|uilil)rium ocenrs wlien the veloeitv of the two 
opposing changes becomes (apial. Oood examples of " balanced 
reactions are to be found in the hydrolysis of salts. If, for 
instance, ferric chloride is <lissolve(l in water, jairtial hydrolysis 
occurs, the solution being iou^ul to have an acid reaction : 

• FeCh, + :iJl,0 ,-:s Ke(()H),, + :!H(’l. 

(hi the other hand, if hydrochloi ic acid is added to ferric hydroxide, 
a certain»amonnt of salt is always formed : > 

Fe(()fl). + ;{H('l-- >Fe('l, + tULO. 

VWiiche^'r end of the scale we .start from the .same amounts of the 
fcTiir su. stances .shoidd b(“ present when the .state of equilibrium 
Fed, + ;!H,() c- Fe(()H), + 8Hd 

is arrived at. If, however, we add exce.ss of one of thi' four reacting 
bodies, the etpiilibrium is disturbed. For instance, if we dilute the 
mixture by the addition of water, it is clear, by the law of mass- 
action, that the velocity of tlu* hydrolysis reaction will bo increased. 
'I'be veloci'^' of tjie oj)])Osing reactitin of salt-formation will, on the 
other hand, be rciluced by the dilution, and the equilibrium is 
therefore shifted in such a way as to favour hydrolysis ; the increase 
of hydrolysis which, as*already stated, accompanies dilution is 
therefore explained. 

If, howevei’, we add excess of hydrochloric acid to the solution, 
•the reyor.'ip action is aided, and the equilibrium is shifted in such a 
way as to reduce hydrolysis. This is a most important fact in 
practice. Many metallic salts arc hydrolysed by water so readily 
that they yield—in pure water- a solution w'liich is always cloudy 
with insoluble hydroxide or basic salt. The. cloudine.ss would be 
highly inconvenient to the chemist, were it not for the fact tjiat it* 
is generally possible to obtain a clear solution by the addition of a 
little acid. 

Velocity t)f a Heterogeneous Reaction. The reaction between 
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two phaseci, or bodios having a different eJiaraeter and'separated 
from oij}! anoyier i)y"a sliiirp lioundHiy, mpessarily do 2 >eiids on the 
a"ea of that boundary. I'l a rapid action is aimed at, it is advisabhi 
do make the si.irface of i-ontact as large as possible. Finely divided 
metals, for instance, are far more (piiekly attacked by acids or by 
atmospheric oxygen than the ordinary compact form- -a fact 
mainly dm' to tl.e large surface area of the lim r ."ariety. Again, 
if it is desired to can.se a reactum between a refractory mineral, 
lil«' cornnduni, and a fn.scd salt- such as jiotassiiim hydrogen 
sulphate-it is essential to grind the mineral to the v^\ry tinest 
powder before heating' it with the salt. 

Heterogeneous Equilibrium. The Phase Rule.* Whilst an 
increase of surface area between phases has an astonishing effe(d 
upon the velocity of a. lieterogeiK'olis reaction, it can clearly hav(' 
no effect upon the conditions of final e()Hilibriuiu between two 
phases ; for the increase will be efoially favourable to both the 
opjrosing changes, which, in a state of c,([uilibrium,' balance oiu^ 
another. .Suppose, for instance, a Inni)) of ice is floating in water 
at 0°C.,_ being in c(juilibrium with it. If we grind up^.the ice to 
powder, we may, by increasing the area, facilitate the yiassage of 
material from the solid phase to the liquid, but to the same extent 
we facilitate the j)assage of material in the opposite direotidn. 
Tlie equilibrium, theii'foie, is not disturbed, unless, indeed, th(! 
powder is made so lini.- that- the effect of interfacial energy has to 
be taken into accoind. 

A mo.st important generalization, known as the Phase Rule, 
gives valuable information regarding the way in which equilibrium 
varies with external conditions. In any .system of phases in 
equilibrium if is necessary to know the amount of a certain number 
of sub.stances ])resent in order to have com|Mete information 
regarding the composition of each phase ; these substances arq 
called “components.” Pure water has one conqionent; solid 
sodium chloride has one comyioncnt; fiut a solution of sodium 
chloride has two components, since, unless we know separately 
the amount of the water and of the sodium chloride present, our 
information regarding the character of the solution i.s iheomplefe. 
If P be the number of phases in equilibrium and C be the total 
number of components, then the ” Phase Rule ” states that the 
” Degree of Freedom'” (F) of the system is given by the equation :— 
F C - P + 2. 

i 

The Degree of .Freedom is “ the number of variable factors 

* % % * 

^ Reference should be made lo A. Findlay’s book on “ The l^liafio Rule ” 
(X^ongmane, Green & Co,). • • 
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(tempeiurure, ])icHsure and concentration af compoiKJiits) which 
must be arbitrarily iixe^ in orjiej (iia't tfio condition^of thg syaten 
may be compicicly d('(ine<l.” ' 'I'hc meaning of this will become 
api)aront when a. few e>|imples hav(! laam coiisklored. Fig. 11 is e 
diagram desigiftd to show the (tonditions of equilibrium between 
iei^ liquid water and water vapour. Suppo.se that we wish to know 
under what condiWons all tbe.se three forms of waiter can oo-e.xist ' 
'rh(^*sy.stom would tl^,en contain one component and three phase,s. 
'I'll us 0 = 1, li* = 3 ; the degree of freedom (F) is 

F ?! P + 2 = 1 3 Hi 2 := 0. 

There is, therefoi'c, no degriai of frei'doni. That means that it is 
not necessary to know anything further about the system in order 
completely lo define it. A glance at. tlie diagram shows that this 
is the case. There is only one point, P, at which ice, water and 
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vapour can co-e.xisl. It corresponds to a temperature of 0-007()“ 0., 
and a pre.ssure of 4-1) muV of mercury ; no alternative values are 
jiossible. The mere fact that the three phases ai’e present together 
tells us that the temperature and ]iressure must have tho.se values ; 
"our information about the system is at once complete. 

The equilibrium between water and water-vapour allows a degree 
of freedom equal to 

F= 1 -2 + 2=1. ' 

• 

On the diagram the e(|nilibrium is expressed by the line P-^; for 
every tem[)erature thine is a detinite pressure (the “ vapour 
pressure"), at which water vapour •will be in muilibrium *with 
li(|uid wati^. Therefore, if we observe the temiierature of the 
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water with*'a tlicrmoiiti'ti'r, the pressure of the vapour in cquilibriuin 
v.'ith it,can hc''^orc^told without further iiieasurcment. It may., be 
Kiinarked here that if (lie water is healed to 100° G., the vapour 
•pressure'Ileeoipes eipial to that of the atfniosphcre. The vapour 
produced is able at that tenipei’afure to force its' way out of the 
vessel in which it is contained, and the liquid is able to “ boil.” 

Finally we iiiily consider the ease when therd is.only the vapour 
|)hase present (it is eustoniary 'to speak of.it as ” .steam,” when 
the liquid and solid forms of water ari^ absent). Since 1’ is now 
eipial to one. we have:— , 

V 1 - 1+2 2 . 

Then: are now two degrees of freedom, and it is possible to vary 
the iiressure and temperature of dry steam separately. 

It is de.sirable ne.vt to consider a system with two components. 
Calcium carbonate gives off carbon dio.vide, when heated, calcium 
o.vide^being left. The e([nilil)rium ik e.xprcssed : - 

CaCO;, CaO + CO... 

Here we have two solid phases and one gaseous pha.se,,making 
total of thrci* : the degree of freedom is, therefore, 

2 :i + 2 - 1. 

^ • c •, 

Consequently, there is for every temperature one deliuite pressifre 
of carbon din.xide (the •'decomposition pressure”) which will be 
in equilibrium with the two solids. The ])re.ssnre rises with the 
temperature, becoming equal to that of the atmosphere at 812°.' 
It is not possible, therefore, to obtain a steady decomposition of 
calcium carbonate by siuqile heating under ordinary conditions 
unless that temperature is e.vceeded. 

The conditions of equilibrium between salts afld their .solutions 
may shortly be considered. L'nfortunately, a model is needed tq 
show the etfects of varying temperatures, pre.ssure and composition 
simultaneously. A pajjer diagram, with'only two axes, can show 
merely the relations between compositions and temperature, or 
between composition ami jiressure. 

Fig. 12 represents the equilibrium diagram irf the system fertic 
chloride-water.- Tlu' melting-point of ice is tl" G.; that is to say, 
ice is in equilibrium with pure water at l)° G., as is shown by the 
point A. But the nmlting-point of ice, is lowered by the presence 
^of ferric chloride in water ; this is indicated by the curve AB, which 
showj- the temperatures at which ice is in equilibrium with water 
containing gradually increasing quantities of ferric chloride. 

• H. Le cliatelier, Comptes Ue'iul. 102 (1886), 1243. 

• H. VV. B. Koozebooin, Zeitseh. Phys. Chmi. 10 (1892), 477. 
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Ferric chloride forjns, by combination jrith water, four definite 

hydj'atcM:— i • • . ♦ • 

2FeCl3.12H/) witli" mclting-j)oint :S7° 

2FoCl3.7H..(l) „ „ „ 32-r.‘'. 

2 F?Cl 3 .r)H 30 „ „ „ 56“ 

2 F 0 CI 3 . 4 H.O „ „ „ 7:b5“ 

Tlie i#(‘lting-piiints of the pure hjdrateK— that is, the points at 
whicli each hydrate stSnds in i‘(juilibrium with lipuid having tlic 
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Fic. 12,—I'lquilibriuin Diagram uf ( lie System Ferric Chloritlo-Water. 

same composition- are indicated by tlie four points—C, D, E and F. 
Butin every case the melting-point is lowered if the liquid contains 
either more water or more ferric chloride than the solid phase. 
As a result the true melting-points of the hydrates stand at the 
maxima of the four curves shown in the diagram. 

These curves may be called “ the solubility ourves ” of the various 
hydrates of ferric chloride. At temperatures above those indicated 
by ^he curves the solution is necessariljf entirely liquid. Whip, 
however, the liquid is cooled down to a temperature below the 
solubility cur\^. of one of the hydrates, it becomes “ mctastable ” 
M.O.—VOL. I. F 
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towards thathydraK If, then, the metastable solution is “ inoou- 
'iated ’Vwith t minute crystal of thfit hydrate, which will provicle a 
fiucleus for crystallization, solid will separate from the liquid until 
' conditions of 4,rue equilibrium are obtaineci. Sometimes crystalliza¬ 
tion may start spontaneously without the provi^mn of a nucleus 
from outside. 

Molecular Weight Measurement. It has just been remarked 
that the melting-point of ice is lowered by the presence of ferric 
chloride in the water, and that the melting-point of any one of the 
hydrates is lowered by the presence of water or ferric chloride in 
excess of the proper quantity in the liquid phase. This is a perfectly 
general phenomenon, and is very readily understood. At 0° C. 
ice and pure water can co-exist without cither phase increasing at 
the expense of the other ; this merely means that as many molecules 
leave the water for the icc as enter the water from the ice. If, 
however, the pure water is replaced by water “ contaminated ” 
with ferric chloride, there will be a lower rate of movement of 
molecules across the boundary in the direction “ water —ice,” 
simply because the liquid is no longer pure water, but wy,ter diluted 
or rarefied by the presence of ferric chloride. On the other hand, 
the opposite movement across the boundary in the direction 
“ ice —> water ” is in no way reduced, because the sft’.id pha-se 
has not received the contamination. Therefore equilibriunt is 
upset, and can only be restored if the temperature is lowered^—a 
change which is naturally favourable to the maintenance of the 
solid state. 

It is universally accepted that the “ depression of the freezing- 
point ” is—for very dilute solutions—proportional simply to the 
number of molecules of the dissolved substance in unit volume of 
the solution, and is independent of the naturfi of tlic “ solute ” 
or dissolved substance. Consequently the measurement of t}ie 
depression can bo used as a means of obtaining information regarding 
the state of molecular aggregation of the solute. In this way it 
has been found that solutions of sodium chloride show twice the 
expected depression of the freezing-point, and contain about twice 
as many molecules as would be calculated from the foimula NaCl. 
This is explained by the theory of electrolytic dissociation, according 
to which the molecule of sodium chloride is broken up in solution 
into two virtually"^distinct ions, Na’ and Cl'. If this explanation 
is correct, a salt-like calcium chloride, CaClj, which should produce 
thrbe ions by ionization, may be expected to give three times the 
no'mal depression. Measurements have shown this to be the ease, 
and the result is one of those upon which supporters of the dissocia¬ 
tion theory base their arguments. 
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In additton to depressing the freezing-^oitft, the presence of a 
dissolved non-volatile suhptance jilso diAiinlshes-the vufour pressure * 
of the pure solvent. And since lie boiling-'point is the temperature* 
at which the vapour pressure becomes crpial to" a pressure'of one < 
atmosphere, the»ofIect is equivalent to the raising of the boiling- 
*point. Measurements of the elevation of the boiling-point have- - 
like those of t"he, d9|)ression of the freezing-point *bcen used for 
the determination of molecular weights. In other cases—notably 
for determining the molecular weight of soap solutions—the vapour 
pressure of a solution can best be obtained by the observation of 
(he dew-point. • 

Osmotic Pressure. One more phenomenon of dilute solid ions 
jmist be mentioiKul at this point. Suppos¬ 
ing a porous vessel within tlie walla of 
which a membrane of copper ferrooyanid(^ 
is supported, and the mouih ,of which is 
connected to a long vertical tube, is filled 
with a dilute aqueous solution of sugar, 
and surrounded by pure water, as is shown 
in Fig. 13 . If the eopper ferrocyanide were 
not present, the thermal movement of the 
moLcule.s* would finally cause the compo¬ 
sition of the liquid on both sides of the 
porous walls to become the same : partly by 
dillusion of sugar outwards, partly by diffu¬ 
sion of water inwards. But the copper 
ferrocyanide constitutes a so-called semi- 
permeable membrane; it allows water to 
pass through it, but not sugar.* Conse- 
(piently the cliffusiftn can take place in one t'Ki. i:i.—Apjmratnsfor 
(lireetion only, namely inwards. As a re- clcTiioiwu-ating Ob- 
suit, the liquid rises in the vertical tube, 
until t he hydrostatic pressure produced by the “ head ” of the 
sohition is sufficient to stop further flow. I’he equilibrium value 
of the pressure is then said to represent the “ Osmotic Pressure ” 
of the 8ugai>in the solution. The Osmotic Pressure is proportional 
to the concentration of molecules in the solution, and consequently 
this sort of experiment can be used for the determination of the 
molecular weight of a dissolved substance, f'iiico, however, the 
preparation of suitable ferrocyanide membranes is a matter of 
difficulty, it is more convenient to employ the “ freezing-poimt ” 
or boiling-point ” methods for this purpose. 

* The action of the semi-pernieable medium is disciisseS by F. Tinker, 
Trans. Faraday* Sot. 13 (1917), 133. 
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When it semi-jieriliea'ble medium is used to demonstrate the 
a)smotif press ire due to a dissolye^i substance, it will be obser^rcd 
that the presence of tile dissolved substance iictually causes a 
•suction of pure solvent into the solution rather than an outward 
pressure ; it has indeed bctm proposed to call ftie jihenomenon 
■■ osmotic suction ” instiad of “ osmotic pressure.” It should, 
however, be nofrlced that the direction of flow 14- merely determined 
by the conditions of the c.xpefiment. Thy membrane is ilnper- 
meuble to sugar, and since there is pure water outside the vesstfl, 
and water diluted with sugar inside it, tlior^ is a resultant flow of 
water inwards so as t6 reduce the difference in concentration. If. 
however, the membrane were permeable to sugar and not to water, 
t.he flow would take place in the opjiosite ilirection.^ 

The osmotic pressure can be regarded as the pressure that causes 
diffusion—the pressure which compels the solute to distribute 
itself uniformly through the voluni^e of the solvent, just as a gas 
distributes itself throughout the whole volume of s ves.scl into 
which it is introduced. And, ju.st as the gaseous jiressure is due 
to the kinetic movement of the molecules composing the gas, so tJie 
osmotic''pressure is merely a sign of tlu^ motion of the molecules 
in the solution, and bears the same sort of relation fo the tempera- 
tun^ and to the volume of the solution containing a gi'an^,niolcf.ule 
of solute as floes the pressure of a gfis. In fact, for very dikite 
solutions, the law connecting the osmotic pressure, the dibition 
and the temperature, is analogous to that connecting pre.ssunf, 
volume and temperature in a gas. Thus 

.-tV KT 

where .-r is thf^ Osmotic Pressure 

V' the volume containing one gram-nioleeule, of solute 
T the t(Mn|)erature on the absolute scale 
and K the gas constant, the same constant iis oeeurs in Ike 
analogous equation . 

PV R'T 

which determines the pressure and volume of a gas. 

Catalysis.’ 'I'hc velocity of a chemical change dEpends very 
considerably upon the medium in which it is taking place. For 

• Some interesting,remarks on Osmotic I'ressnre are made by .1. J. Van 
Laar, Proc. Amst. Aaid. 18 (1910), 18t. 

2 The eubjoct i.s fuily discussed by K. K. Rideal ami H. S. Taylor in 
“ Catalysis : in Theory and Practice” (Mafunillan). A good discussion of 
different theories is given by W. U. Bancroft, Trans. Aimr. Electroclirm. Eoe. 
37dl920), 21. See also K. hj. Hidenl. Trans. Aturr. Elrctrochcin. Aoc, 36 
(1919), 19,9. Th’6 theories of W. (J. MefJ. Lewis will bo referred toin thesection 
dealing with radiation. ' 
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iiistanco, if tlio roactkiii of tho saino .siiUstaeocs is stu(Jiod in aqueous 
solution and again in alcoholic sMwtion, it is fo»ind tfial the \%locity 
is nearly always greatest in aqueous solution. Probably the action 
of the solvent is only one case of the very general'phenomenon 
.known as “catalysis,” the action of an apparently inert material 
in accelerating the^ interaction of two (jther suj)stances. The 
third ^apparentl/inert) sidistance if*called a catalyst; occasionally 
a change appears to bo incapable of taking place -at any rate, at 
h.)w temperatures- in the absence of such a substance. The 
catalyst is not used up in the reaction, in wjiich, at lirst sight, it 
appears to take no part. Since, however, the physical appearance 
of the catalyst often alters during the reactioti, it is probable that 
t he catalyst does take a real part in the clninge, but is continuously 
regenerated. In fact, one gcneiul inter|)refation of th(! action of a 
(^ataly.st can be gieem at once. iSupjMising the direct combination 
of two substances A and B according to the equation 
• A + B - AB 

does not take place at a given teniperalui'c, or takes place only 
slowly, tho«|)resenc(' of a catalyst X may allow the combfnation 
to take j)lacc readily in two stages - 

• A + X AX- 

AX -h B ^ AB + X 

.Since X i.s n generated at the end of the reaction, a small (piantity 
of catalyst will jn-oinotc the combination of a vei'y large ([uantity 
of the substance. Such a general e.xphinat ion wil I, however, scarcely 
satisfy an inquiring ndnd, for it. may well be asked why tlu^ indirect 
reaction should take jdace inoi'c easily than tlu^ direct. The answ'er 
to this question is probably dilTerent in dilTercnt cases. 

Exanqdes of catiflysis are numerous, and may be divided into 
Iwp main classes, homogeneous ajid heterogeneous. Heterogen¬ 
eous catalysis, la'ing the ijiore important phenomenon, may con- 
\eniently b<^ considered lirst. 

The coinbiiiation of sul])hur dioxide and o.xygcn to form sulphur 
triqxidc takes ])la.ce only veiy slowly at 300^' 109° under ordinary 
circuTnstanccJi. If, however, the gases ar<^ passed ox er a “ contact 
material,” such as spongy ])latinuni, combination takes place 
readily at that teinperatimv The change has the diaractcr of a 
surface action, and it is highly desirable to mak'e the .surfaoxx area 
of the platinum as huge as jxissible. It- is eustoinnry, thei'cforc, to 
precipitate tlu' i)latinum catalyst within a highly porous imtss 
such^is anhydrous magnesium sulphate ; j. very large active surfa* 
is thus obtained, and a high velocity of reaction i.s attained to. 

There is littfe doubt that the two gases, sulphur dioxide and 



70 INTRO DUCTION ' 

oxygen, arc^^iiilsorbod at the Burfaco of the platinum, tins atom,s 
being Vhus brot.ght into .closer contract thaii is possible in the gaseous 
state. They then react to produce .sulphur trioxide, which is at 
once liberated. It is important, however, that^other substances 
which might be adsorbed at the platinum surface instead of the 
reagents shoulfl bo absent. If the sulphur dioxide contains a trace 
of arsenic—a substance which is readily adsorbed by platinum and 
tenaciously held by it—the whole adsorpth o power of the platinum 
comes gradually to be taken up by the layer of firmly attached 
arsenic, and the catalytic activity consequently declines. The 
catalyst is then said to be “ poisoned ” by the ar.senio,i Various 
other sulxstances are known to cau.se the poisoning of a platinum 
contact material: cyanogen and carbon monoxide are two more 
examples. Since many of the substances which are poisonous 
to the platinum catalj'st interfere with the work of the enzymes— 
the^catalyst.s of living organi.sms- •they have frccpiently a poisonous 
reaction upon the human system also. Possibly their effect on 
the enzymes is similar in character to their effect on platinum ; 
if so, 'the word “ poisoning ’’--which serves to descrilje the r6sult 
:>f contamination of the platinum catalyst- has been aptly 
ffio.son. 

Many other cxamjiles of chemical changes promoted llj' a cifhtact 
naterial could bo given. The gases, oxygen and hydrogen,"nor¬ 
mally react only at high temperatures ; if pa.s.scd over spongy 
platinum, they combine readily at low temperatures. Similarly 
platinum promotes the interaction of ammonia (NH^) and oxygen 
io form nitric acid {HNO3), whilst a nickel cataly.st is used to bring 
rbout the “ hardening ” of fats by combination with hydrogen. 
It should be pointed out that whilst the ywesence of a contact 
mbstance vastly accelerates the velocity of a reaction, it cannot 
liter the conditions for equilibrium. If it did, we could makg an 
iction go backwards and forwards by alternately removing and 
•eplacing the contact material, and so obtain perpetual motion. 
Presumably, therefore, in a reversible reaction, a contact material 
nust accelerate both opposing changes in an equal degree. 

In homogeneous catalysis, the catalyst is distributed uni- 
'ormly throughout the phasis in whkdi a reaction is occurring. A 
•reat many metals- such as vanadium, manganese and cobalt— 
vhich form more .than one series of salts are very active as “ oxygen- 
!q,rriers.” The reaction of potassium permanganate with oxalic 
icid in the presence of sidphuric acid according to the equation 

* This vie\^ of llio acltoit of a poison is well disenssed by I. Langmuir, 
f. Amer. Vhmi, Soc. 38 (1916), 2272-2278. See also W. Ji'. Bancroft, Trans, 
imer. Ekclrochem. Soc. 37 (1920), 21. 
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2 OCi 04 + 4HjS04 + 6HjCa0x= ' 

tlMnSO, V- lOCOj + 8HjO/-l» 2KHg04 
normally takes place only when the solution is warnied; bilt 
if some manganous salt be added to the solution thi)*reaction starts 
at ordinary temperatures. The action of a trace of a copper or 
vanadium salt in ^promoting the oxidation of an aniline salt to 
“ anjline black *’ by potassium dighromate, and the action of a salt 
of cobalt, lead or manganese in causing linseed oil to take up oxygen 
from the air during the prooe.ss of “ drying,” may here bo men¬ 
tioned. In all these* cases it appears that^tlic catalyst first takes 
up oxygen from the true oxidizing agent, forming a higher oxide 
or a salt of a higher oxide, which then passes on the oxygen to the 
s\ibstanco requiring oxidation ; the oiiginal catalyst i.s thus re¬ 
generated, and the process is repeated until oxidation i.s cmnplete. 
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,V. Analytical Chemistby and the Determination of 
Atomic Weights * 

The praotiea^, details which must he followed in "Carrying out 
the various analytical operatioi,'s are described i'n the nuniprous 
excellent handbooks dealing with the subject; in this section 
it is only necessary to make some general remarks upon the prin¬ 
ciples employed in chipnieal analysis. v 

Oualitative Analysis. The mclhods used for the detection 
of the individual metals in a compound or a mixture of compounds 
are very varied. If the compound can bo brought into solution 
by the action of water or an acid, the addition of certain chosen 
reagents gives information regarding the pre.sence or absence of 
certain metals. Thus, if silver bo piftsent in a solution, the addition 
of hydrochloric acid will cause the appearance of a w^iite curdling 
precipitate of silver chloride, solnblc in ammonia ; if ferric iron bo 
present,'the addition of potas-sium thiocyanate will produce a blood- 
red coloration, due to ferric thiocyanate. But such tc.sts must not 
be regarded as infallible ; certain complex cyanides contaiinng 
silver and ferric iron respectively fail to respond to tlu^ tests {or 
either metal; if cyanides are present, it is best to decompose them 
by heating the substance with concentrated sulphuric acid, before 
performing the test. 

Other tests are carried out with a dry substance at a high tem¬ 
perature. Many metals confer a distinctive coloration if added 
in small quantities to a molten glass. In practice the easily fusible 
glass obtained by heating borax is employed, (kjbalt, for instance, 
confers a deep blue tint upon a bead of molten borax. Many 
metals with volatile chlorides can be detected by moi.stening the 
substance under examination with hydvochloric acid, and intro¬ 
ducing it into a colourless flame ; most of the metals of Groups 
Ia and IIa confer a characteristic colour u])on the dame; thus 
sodium produces a yellow colour, pota.ssium a violet colour, ipid 
barium a green colour. Where the colour of the flame, .as viewed 
by the naked eye, gives insufficient or uncertain information, it 
may be examined through a spectro.scope ; the various spectral 
lines characteristic qf the different metals can be .sought for, and 
the presence or absence of the metals in question established. 

Another class of te.st depends upon the reduction of the metal 
to toe elemen^ry conditiop. The substance under examination 
is mixed with sodium carbonate (or a mixture of sodium carbonate 
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(Hid potassium cyanide) and is heated on* clftrcoal in the reducing 
Hame, of the blowpipe. *If a nifti^llio hcaJl is obtaineil, the physicai 
character of the bead (which •may tie hialfeablo or brittle), ami 
in some cases the colour, liolp to indicate ttie ;nptal' present,. 
Moreover, tlie«inore oxidizable metals yield—in addition to a 
metallic bead- - an incrustation of oxide ; cadmium gives a brown 
incrustation,* lji,sifiuth an orange incrustation,* lead a yellow 
incrustation, antimony a uliite irferustation, and so on. 


Gravimetric Analysis. Ju order to determine accurately 
the, proportion of a nuilal present in the material under examination, 
it is necessary to weigh out a sample, am? to convert the whole 
of the metal present in that samjilc either 
(a) to the metallic state, 

or (h) to the condition of sAme sparingly soluble eomjiound of 
constant well-hnoun com]insition, which can be 
liltercd olT and wijighed. 

The first imdluid is in principle the more siinjile ; the redtiction 
to the metallic state may be carried out in a furnace at a high tem- 
jierature (’‘dry assay"’), or by the cicctroly.sis of an yiqueou.s 
solution (■* electro-analysis ”). For the less easily reducible metals, 
liovvever, it is better to precipitate the metal from an aqueoirs 
sol :tioiws some sparingly soluhle compound, which can be filtered 
olf froi' the solution, washed, dried (usually ignited) and weighed. 
From th ■ weight of the jjrecipitate the weight of the metal present 
in it, is easily calculated. 

The choice of a compound suitable for the eomiilete precipitation 
of a metal is limited hy the following rer|uiremenls 

(1) The ju'ecipitate must be as “insoluble” as pos.sible, in 
order that precipitation may be complete. Often a precipitate 
which is appreci(Aly soluble in pure water is much less soluble 
in water (iontaining excess of the jwceipilant. In some eases (e.g. 
lead sulphate or potassiuin platinichlorithq alcohol is added to the. 
liquid in which pre(a|)itation is to take place in order to reduce 
the solubility of the j)rcciiutate. In many instances, the, ju’c- 
cipitatc should not be washed with ]nire renter, but with water 
(’oi'rt,aining»a small quantity of a (dmsen reagent; thus precipitated 
magnesium ammonium phosphat(^ is usually washed with water 
containing ammonia, whilst a precipitate of copper sulphide should 
be washed with water containing hydrogen .-mlphide. 

(2) The prccii)ilate must be thrown down inf a form which can 
readily be filtered and washed. The most desirable kind of 
precipitate is a sandy typo consisting of comparatively large, grains 
which do not obstruct the flow of thc’liquid throuljh the filtering 
medium. Gdlatinous precipitates, consisting of very small par- 
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tides clinging together as flocks, give much more trou\)le; they 
"tend to clogt the filter-^aper, c^au^sing slW fitration, and oidng 
to their voluminous character, and their capacity for the “ adsorp- 
• tion ” of salts, they are very difficult to wash. Under certain 
circumstances, substances of this character—althdugh not soluble 
ill the ordinary sense- may enter into “ colloidal solution ” as 
minute colloid‘particles which can pass throdgh.tHe filter-paper. 
In order to avoid this trouble, find to obtain each precipitatt in a 
form as far as possible adapted for filtration, the conditions pre¬ 
scribed in the practical analytical textbooks must be followed 
with care ; originally'these conditions have been arrived at as a 
result of experience, but recent work in physical chemistry enables 
us now to assign a reason for many of the precautions in methods 
wliich until recently were of an empirical character. 

( 3 ) 'l.'he precipitate when heated under certain specified con¬ 
ditions must yield a body of constant and well-known com¬ 
position, which can be weighed. Often the body, produced on 
heating is essentially different in composition from the original 
precipitate ; thus magnesium is usually precipitated as magnesium 
ammonium phosphate MgNH4P04, but on ignition the'precipitato 
loses ammonia and water and becomes converted to magnesium 
l)yropho.sphate MgjPjO,, in which form magnesium is thighed. ' 

Where the precipitate has been filtered through an ordinary 
filter-paper, it is usually advisable (although not necessary in 
all cases) to separate it from the filter-paper before ignition. It is, 
however, impossible to avoid leaving a small amount of precipitate 
.sticking to the filter-paper, and it is customary to burn the filter- 
paper after the separation and to weigh the ash along with the 
ignited precipitate. Many compounds, however, suffer reduction 
during the burning of the filter-paper. Thua silvet chloride is 
tlccomposcd yielding metallic .silver, but in this case it is easy to 
reconvert the silver to the state of chloride by the action of a few 
drops of nitric and hydrochloric acids, bxcess of acids being after¬ 
wards driven off by heat. Where, however, the precipitate con¬ 
tains a volatile metal, like mercury or zinc, this metal is liable 
to pass off in the vaporous state when the filter is bunjt. In fueh 
cases it is best if possible to avoid the burning of the filter-paper. 
The precipitate may, for instance, be filtered through a piece of filter- 
paper which has bgcn dried at 110° C. and weighed before use, or 
alternatively throiigh a perforated Gooch crucible lined with 
asbfstos fibre. In either case, after the precipitate has been brought 
on to the filter, and washed, the whole is again dried at about 
llb° C., and weighed. » 

Volumetric Analysis. Somewhat more rapid,‘although less 
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accurate, methodti of quantitative i^na^sis depend oif the process 
known as “ titration.” The oolutioi^ coptaininj^ the jiubstanJo 
to be estimated is placed in a beaker, and ,a solution of knolvn 
concentration^ containing a reagent which will ipteract with tlie 
salt in the beaker is added carefully from a graduated vessel known 
as a burette; until the analyst judges that sufficient has been added 
exactly to interact with the liqujd in the beaker ; this is said to be 
the “ end-point.” By reading the burette, it is possible to see 
at once the volume of the standard reagent, which has been rc- 
(|uired to react witUtho solution in the beaker : from this volume, 
the quantity of metal in the beaker is easy to calculate. 

The “end-point” may b(! recognized by the analyst in one of 
the following way.s 

(1) A colour (diango <htc td oni^ of the reagents may occur when 
the end-point is reached. Thus when ])otassiHm permanganate 
is added from a burette to fejrous sulphate contained in the beaker, 
a pink coleur appears in the beaker as soon as the jicrnuftiganatc 
is present “ in excess ” of the quantity needed to react with the 
ferrous salt. 

(2) Where the I'caction itself produces no colour change, an 
“ indicator ” may bo added before titration. In the titration of 
ail ai .tl by an alkali, a drop of phenol-phthalein is added to the 
*aeid miiiiil; as soon as the alkali is in excess, a pink colour appears. 

(3) M'hcrc the presence of the indicator in the beaker would 
interfere with the reaction, the method of a “ side-indicator” may 
he used. In the titration of ferrous chloride with potassium 
dichromate, the progress of the reaction is checked by removing 
drn]i.s of the liquid and testing them with drops of potassium 
fcrricyanide on a porcelain slab. As long as ferrous iron remains 
in the beaker, *<i blue precipitate is produced where the solution 
and the fcrricyanide come into contact; after the end-point has 
lieen reached, no preeij^tate is obtained. This method is obviously 
slow. 


(4) An electrometric method of detcrmiidng the end-point may 
lie used. Such methods are discussed oi. jiages 332-335. 

■* Althotigh any solution of accurately kmnvn concentration can 
be employed in the burette in volumetric analysis, the calculations 
are gi'eatly simplified if the standard solution employed is either 
normal (N) containing one gram-i'qwivalent weight ]ier litre 

(«) ■■ ■ . 


decinormal 


ceiitiuoymal 


,* 

I tl I) 
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or milliiiominl 




cor. tailing 


8-am-equivalent weight 
per litre. 


Thegraiu-equi-ejileiit weight is tlie weight of the reagent expressed 
in grams, which will be required to enter into reaction with the 
equivalent weight of other substanee.s,the equivalent weightof hydro¬ 
gen being taken as 1 ’008. It always bears a simple relation to the 
molecular weight. Thus the equivalent weight of .sodium hydroxide 
i.s equal to the molecular weight, that of sulphuric acid is half the 
molecular weight, that of potassium permangirnate one-lifth of the 
molecular weight, and so on. The reason for the choice of these 
fractions is to ensure that a given volunu^ of a normal solution of 
one reagent will react with an equal \ olnme of a normal solution 
of another reagent. Thus since mb' molecnle of sulphuric acid 
reacts with two molecules of sodium hydroxide according to th(^ 
equation , 

^ H.,S()j + 2Na()H .\n.,S(), + 2H,0 ' 


and since a normal .solution of the acid contains only half a gram- 
molecular weight per litre, whilst that of the alkali contains a whole 
gram-molecular weight per litre, it follows thatagi\'en \'ohime of 
normal sulphuric acid will be neutralized exactly by aw-eqiml 
volume of normal sodium hydroxide. • 

I'olumetric analysis is not directly ajtplieahle to the deter¬ 
mination of all substances ; the following are the chief cases where 
volumetric methods an^ useful : - 

(rt) The titration of an acid hy mi alkali, oi' vice versa ; an 
indicator is added which undergoes a colour-change at the point 
)f neutrality. 

(h) The titration of a rcduciny agml hy an iiMiziny aijciU or 
vice versa. This method is of importance heeaus(! it can la; n.sed 
for the detcrminatioTi of almost any metal which is capahle, of 
'xisting in more than one state of oxidatioTi. Itefore, commencing 
he titration, it is necessary to ensure that other metals of variable 
valency are absent, and also to cnsuri^ that the jnetal to he deter- 
iiined exi.sts in the solution entirely in one .state of o«idatioi^. 
Usually the metal is brought to the lowest state of oxidation, and 
;hc solution is then acidified and titrated with potassium per- 
nanganate or potassjum dichromate. The former n'quires no 
ndicator, hut cannot* he used with accuracy in the presence of 
‘hloridi’.s ; the latter requires a side-indicator, unless the dectro- 
netric method is employed. Alternatively, the metal may he 
ibtaiitod in the highest stat(»of oxidation, and allowed to react 
vith potasisiura iodide ; the amount of iodine set free is then deter- 
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2Na.,Sj(J, + 1.. 2Nal + Na,,'»!,(), 


Jn this titnitio* thu fading of tJio yellow colour diitf to iodine gives 
warning of the approacli of the end-point; hut the colour is not 
pronounced, and Wore the iodine disappears conijfletely, it is best 
to aeVi a little starch solution, whi<?h produces a deep blue colo'ration 
as long as free iodine remains in the solution. 

(c) A few volumetric methods depend on the ititcm-rlion of 
the, lm> reM(jmts lo produce an imvluble salt. Thus in a solution 
of a silver salt the silver may be estimated by titration with 
an ammonium thio(!yanate solution, a droj) of haaie .salt being 
.added as an indicator. As lopg as sihaa' is present in excess in 
the solution, the thiocyanate is removed fr'om solidion as insoluble 
silver thiocyanate as quicLly as it is added. But as soon as excess 
of soluble thiocyanate a])j)ear,s fti the .solution, a blo<id-red coha’ation 
due to ferric\hiocyanale is produced, indicating that the end-point 
has been reached. 


Ouantifative Separation of Metals. Where the material 
under examination contains sevei'al metals, and it is desired to 
estinat' . these metals separately, some ju'occdure must usually 
b(? adi pted for seirarating lhe.se metals from each other. It is 
usually nossible, by the addition of a chosen reagent, to pre¬ 
cipitate certain metals completely, whilst the others rmnain in the 
solution. By a proper sequence of operations, it will be possible 
to separate each of the metals (.'ompletely from the others, and when 
this has been accomplished the individual metals arc precipitated 
in a suitable form (if not already precipitated in such a form during 
the proce,ss*of siq^ai'ation) and weighed. 

The cpiantitative .separation of one metal from another is by 
no means so simple a uu^lter as might be siqipo-sed from a mere 
study of the reactions of the individual salts. For example, if 
ammonium chloride and ammonia is added to a solution of a ferri(’ 
salt, the iron is entirely prerapitated a.s ferric hydro.xide; if the 
.^atlie rcagants are added to a manganese .salt solution, no precipitate 
is produced. It might be expected that if th(> reagents were added 
to a solution containing both ferric and manganese salts, the iron 
would be precipitated and the mangane.se would remain in the 
filtrate. This expectation, however, is not‘realized, since the 
ferric hydroxide seems to carry down manganese hydroxide with it. 
If a complete separation of iron and manganese is desired, is 
necessary to redissolve the precipitate*in acid, and'then to repeat 
the precipitation once at least. 
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The methods of separating the individual metals from a mixture 
trill depend sosiewhat-on tfie nature of the nibtals present. But the 
general scheme adopted by all analysts consists in a separation 
of the metals into certain main groups, the separation being based 
on their varying behaviour towards certain simple '^eagents. The 
main groups into which the metals fall arc given below, but the 
subsequent sepaVation of the metals of a singll analytical group 
from one another will not be coiLSidcred at this point, being reserved 
for the analytical sections dealing with the individual metals in 
Volume II, III and IV. ^ 

(1) Metals having oxides with very feeble basic jmperties ; these 
are either not brought into solution when the m.aterial to be analysed 
is extracted with dilute acid, or if held in solutioji through the pre¬ 
sence of alkalis, arc usually reprecipitated when the solution i.s 
weakly acidified and boiled; 

Niobium, tantalum, tungsten. 

(2) Noble ” metals readily brought to the: metallic stale by the 
action of reducing agents, and when in the metallic state undis¬ 
solved by most acids; 

Ruthenium, rhodium, palladium, osmium, iridium,'platinum, 
gold. 

(3) Metals with sparingly soluble chlorides, which are,thr(\jvu 
down when hydrochloric acid is added to the solution: 

Silver, mercury (in monovalent state). Also lead and thallium 
are partially precipitated from a cold solution. 

(4) Metals with sulphides so sparingly soluble a.s to be precipitated 
by hydrogen sulphide even from weakly acid solutions. 

(а) Those with sulphides insoluble in ammonium sulphide : 

Copper, cadmium, mercury, lead, bismuth. 

(б) Those with sulphides soluble in ammonium sulphide : 

Molybdenum, germanium, tin, arseiuc, antimony. 

(.5) Metals precipitated (usually as hydroxides) on the addition of 
ammonium chloride and ammonia : ' 

Beryllium, aluminium, rare earths, titanium, zirconium, 

cerium, thorium, chromium (in trivalent state), uranium (in 

hexavalent state), iron (in trivalent state), gallium,,indiums ' 

(6) Metals, not precipitated by hydrogen sulphide in acid solu¬ 
tion, but having sulphides sufficiently insoluble to bo thrown down 
by the addition of aipmonium sulphide to an atmmmiacal solution : 

Manganese, cobalt, nickel, zinc. 

(7) , Metals having sparingly soluble oxalates ; precipitated by the 

addition of ammonium oxalate to a solution containing ammonium 
chloHde and n*nmonia : « 

Calcium, strontium, barium. 
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(8) Metals precipitate^ as a sparingly^sotuble phosphhte, by the 
addition of sodium or ammonhwn phosphafb to -all amrwniacai 
solution: 

Magnesium ; also under certain circumstances,-^lithium. 

(9) Metals 11 ^precipitated by any of (/le reajoj/,s’mentioned above : 

Sodium, potassium, rubidium, owsium. ^ 

D^terminatifln of Atomic Weights. It is customary in works 
on chemistry to devote much spiuje to the methods used for deter¬ 
mining the accurate values of the atomic weights of the various 
elements. Recent risoaroh upon “isotopes” has tended to 
diminish the interest taken in tlu! exact determination of the.se 
values, since it has been shown that all atoms -except hydrogen- ■ 
have an atomic weight which, if oxygon is taken at 10-000, is an 
exact whole number ; elements like chlorine (35-46), the accepted 
atomic weight of which lies far from a whole number, are found to 
consist of more than one species of atom, tho weight of each in¬ 
dividual spedics being an exact integer. Nevertheless a knowledge 
of tho “ mean atomic weights ” ai rivcd at by chemical methods 
remains oj practical importance as a basis of our analytical cal¬ 
culations, and some reference must be made to the means adopted 
in their determination. 

Afe eaWy as 1805, Stas ’ carried out a series of careful and elaborate 
rcsearci.es which led to a fairly accurate knowledge of the atomic 
weights of ton elements (Ag, Cl, Br, I, K, Na, Li, S, N and Pb); 
the numbers obtained for these elements have been used by later 
workers in tho calculation of tho atomic weight of other metals. 
Subsequent work has confii-med, on the whole, the substantial 
accuracy of Stas’s investigations, but has led to slight alterations 
in the numbprs accepted for the atomic weights of certain elements ; 
the work of RichaiVls in the revision of the atomic weights is worthy 
of .special mention. 

A short summary of Sias's nudhod may given. Potassium 
chlorate (KCIO.,) was prepared in a state of great purity, and a 
weighed quantity of this salt was converted by heat to potassium 
chloride (KCl), elaborate precautions being taken to avoid loss 
bylpurting or other causes. The chloride produced was weighed. 
The ratio of the weights 

KClOs: KCl 

enables us to calculate the molecular weight oi potassium chloride 
(KCl), the atomic weight of oxygen being taken as 16-000. ^ 

In another series of experiments, Stas found the quantity of 

‘ J. S. Stas " CEuvres Completes ” (MuquAdt). A goodtunimary is ^veji 
by I. Freund, "Study of Chemical Composition” (Cambridge Universitj 
Press). 
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silver needed to preeij^tate the whole of tlyo ol^lorine of potassium 
Shlorido.as silfel; chloride. VcrytpiMc silver was prepared for this 
\fbrk, and a weighed (piantity wa's dissolved in nitric acid; a 
Weighed quantity of ))Otassiuin cldoridc was then added, whicli 
was known to be just too little to precipitate the silver completely, 
and then a solution of potassium chloride of accurately known 
concentration w'as added from a special dropping pipette until 
the excess of the silver was removed. In th’s way the ratio *' 

KOI: Ag 

t 

was obtained, and since the molecular weight of potassium chloride 
was already known, the atomic weight of silver was arrived at. 

Stas also took weighed quantities of jnire silver and converted 
lliem into silver chloride, bromide* iind iodide ; the amount of 
these compounds was then obtained by weighing. The ratios 
.“Vg : AgCl, Ag : AgBr and Ag : Ag^ were thus arrived at, and, 
the. atomic weight of silver being known, the atomic weights of 
chlorine, bromine and iodine could bo calculated. 

The ratio KCl: .Ag had already been didcrmincd, and the ratios 
NaCl: Ag and MCJI : Ag were obtained in tlu^ same way. The 
atomic weights of silver and chlorine being both known, the atomic 
weights of potassium, sodium and lithium followed. »- • 

Again, the increase of weight when silver is eonverted to silvtir 
sulphide, wlieu lead is con\ erted to lead sulphate, and when potas¬ 
sium chloride is converted to potassium nitratr^ (by evaporation 
with nitric acid) led to a knowledge of the ratios Ag: Ag^S, PI), 
PbSO, and KCl: KNO;,. 

From tliese ratios the atomic weiglits of sulplmr, lead and 
nitrogen can be determined. In eadi case .Stas was able to carry 
out alternative methods wliicli enal)led liim to check the accuracy 
of file results obtained, and otlier methods liave Ijeeri employed by 
later experimenters. ^ 

'I'he atomic weights of the other metals liave be(‘n determined 
t>y methods not differing greatly in ])rinci])le from tliosc referred 
to above. One general rTiethod which lias proved very valualile 
depends on the interaction of a chloride or bromide oh the raital 
(sometimes a complex chloride or bromide) in a state of great 
purity, with a salt of silver. In some cases the weight of silver 
required to precipita/te exactly the whole of tlio chlorine or bromine 
present is determimld, yielding the ratio MCI: Ag or of MBr: Ag. 
In other cages the silver chloride or bromide olitaincd is weighed, 
thus affording a knowledge of the ratio MCI: AgCl or of MBr : AgBr. 
In eithiT case Che atomic u'l'iglit of tlic element can be calculated 
from the ratio obtained. 
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Naturally, in oaso of most elements, different workers using 
different methods have .Wived iit*sligfitly di£^eronti,'v%lues {or the ‘ 
atomic weight of a single element. Until recently an International* 
Committ('e used annually to survey the research ^work "accom¬ 
plished during tile previous year, and published a table of atomic 
weights giving the “ most probable value ” of the number in the 
(aise of every' ejenfent. The discovery of isotopes has rightly 
caused an extension in^tho functions of tliLs Committee. 

In general the work of the determination of the atomic weight 
of any element may be^divided into two main parts - 

(а) The preparation of the reagents in a stSte of great purity. 

(б) 'J’he interaction of weighed (|uantities of these reagents 
under conditions which avoid all causes of error, and the isolation 
and weighing of the jiroduct obtained. 

As an example which will serve to give some idea of the kind of 
jirecautions needed, a brief account of the re-determination of the 
ratio NaCl: AgCI by Richards and Wells ^ may be given. •The 
details of the meliiod wire chosen with a view to avoiding certain 
errors which had imtered even into the careful work of Stas on the 
same sulijecA; much careful preliminary work was cari’ied out in 
order to determine the conditions under which the various errors 
could be reduced to a minimum. 


(a) Priparation of Pure Reagents. 

Water. The traces of organic impurity in the distilled water 
of the laboratory were eliminated by redistilling from a weakly 
alkalini- solution of potassium permanganate. Three distillations 
were performed, the linal distillate being condensed and collected 
in platinum, and stored under conditions which excluded dust and 
acid fumes. * 

Sodium chloride was purilied by jueeipitation from a con¬ 
centrated solution with pm*.; (redistilled) hydrochloric acid ; the 
crystalline precipitate was .separated from the mother hquor (which 
contains the impurities) by means of a centrifuge constructed of 
platinum. Beforo w'oighing, the sodium cldoride was fused to 
expePmoistift'e. 

Silver. Rccrystallizcd .silver nitrate of considerable purity 
was treated with sodium chloride, and the silver chloride was 
filtered off from the mother liquor, which contained the main im¬ 
purities. The chloride was then reduced by heating in a silver 
dish with a solution of invert sugar and sodium hydroxide 
(which had also undergone careful purification). The reduceB 


' T. W. Richards and R. C. Wells, J. Atttcr. Ghcm. Soc. 27 (1905), 4.')9. 
M.C.—VOL. I. O 
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silver was fused by means of a blast-lamp in a boat consisting of 
pure fjmc, a.if( was^ allowed to,CQol down in' the reducing flame; 
the button of almost pure silver obtained was then subjected to 
further purifloation, being made the anode of a small electro-refining 
cell containing silver nitrate solution made from the same almost 
pure silver. The cathode was a pure silver wire, and the very pure 
silver deposited on it was again fused, care bemg taken to prevent 
tile access of oxygen before cooling, since oxygen is soluble in moltiui 
silver. 

(6) Conversion of the Chlorine of Sodium Chloride to Silver 
Chloride. Many of the operations wore carried out in platinum 
vessels ; in some cases silver, .Jena glass, porcelain, or quartz ware 
was employed. 

Freshly-fused sodium chloride was carefully weighed on a delicate 
balance in a specially designed balance-room, placed so as to 
possess a remarkably uniform teiqpcraturc ; carefully standardized 
weights w'ero employed. The salt was dissolved in .water, and the 
solution was greatly diluted (5 litres per mol.) in an Erlenmeyer 
flask. . It was then precipitated with an excess of equally dilute 
silver nitrate (made from the pure silver mentioned above); the 
employment of dilute solutions was absolutely ncces.sary for accurate 
work in order to avoid occlusion of silver nitrate or sodiwi cWoride* 
by the precipitated silver chloride. The precipitate was allowed 
to settle, and after standing for 1.5 hours it was washed by decan¬ 
tation, the wash water being poured off through a Gooch crucible 
lined with asbestos fibre, previously dried at 150° C. and weighed. 
The precipitate was washed three times with very dilute silver 
nitrate solution, and then six to nine times with pure water very 
slightly acid; finally it was transferred to the Gooch crucible. 
After washing was complete, the crucible was dried, the temperature 
being made to rise very slowly above 100° C. for two or three hours 
and kept at 150° C. for three hours rnore. It was then weighed, 
and afterwards the silver chloride was removed from the crucible, 
fused, and weighed again; the small loss of weight which was caused 
by fusion was due to minute drops of water entrapped and sealed 
in the hardened silver chloride. ** 

Various corrections were applied. Minute amounts of chloride 
carried away by the wash water were estimated by an instrument 
called the nephelameter, which enables the cloudiness of the liquid 
under examinatiolii to be compared with that of a cloudy liquid 
prepared from standard solutions. Silver chloride is not quite 
insoluble in pure water, but the solubility is greatly reduced by the 
presence of hxcess of silVer nitrate. If, therefore, the different 
portions of the wash water and filtrate are treated with silver 
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nitrate, a 'Sloudiness is produced,* and th’e doudy liquid can bo 
examined in the nephelOmeter ^n(jl th^ qftantity of’silver chloride 
removed in solution by the wash water dan thus to allowed for.* 
A small correction was also made for the minute amoupt of asbesto.s 
fibre carried thrt)ugh the crucible. * 

Ten complete analyses were made, using reagents obtained from 
lifferont sources, afid purified' in .slightly difTereift ways. Tluf 
■esuiti* of all ten experiments sho\d a very remarkable agreerilenl,, 
■alio AgCI : NaCl varying between 100 : 40-77K and 100 : 40-7H2. 
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VI. Theemo-Chemistkv ‘ ^ 

Exothermic and Endothermic Changes. Most chemical and 
pliysical cliangcs are accompanied liy an cvoVufioii or ahsorijlion 
of lieat-eiKTgy; those which involve an ,i!Volii(ion of hdht are 
called exothermic ; those «l)icli cause an absoiplion of heat are 
called endothermic. , 

Interesting examples are afforded by the “ Jatent heat” etfeota 
connected witli simple physical cluing<‘s. Heat is (ivolved when 
steam condenses to water, and is al)sorl)ed daring the opposite 
])rocess, tlie conversion of water to steam. In just th(! s,ame way, 
the freezing of water is an exotlicrmio cliange, wliilst the melting 
of ice is endothermic. It is the absorption of lieat by melting ice, 
whitfh allows icc to survive for a con.sidcrable time isi surroundings 
of which tlie teinperaturc greatly exceeds 0° C. 

The majority of chemical reactions wliicli take place readily 
under ordinary conditions an; exothermic ; often the‘rise of tem¬ 
perature accompanying a change is very marked. The treat 
of comlrinatioir of carlron with oxygen, a reaction uponfY'bi'rfh tiro* 
maintenance of tire temperature of most of our furnaces depends 
(directly or indii'ectly), may lie (pioted. Carlion unites witli 
oxygen in two stages;— 

2{ ' + 0,, . 2(10 + .W.PPP cals. 

2('0 -f 0, - . 200- + 135,920 cals. 

The total heat-evolution is obtained by adding the two crpiatioiis 
together; * 

20 + 20 , : 200, -b 193,929 cids. 

or 0-f 0- ^ 00--f 9{),9fi0cals. 

The tigures quoted show tliat two-thirds of the total heat are 
evolved in the second stage. Coirsequcntly it. is often convenient 
to use carbon monoxide (00) as a gaseous fuel (“ producer gas”) 
for the heating of furnaces, in the place of solid coal. 

The combination of most elements with oxygen results in an 
evolution of heat; when the heat development is snfliicient to 
produce light, the process is termed combustion. 

a 

o* Much information on this subject is given in “ Thermo*Chemiatry»” by 
J. Thomsen (Lbngmans, GroeA-i & Co.), from which source most of tlie values 
for the heat of reactions mentioned in this section are taken. 
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'I’lio Jioat of neutralizfJtion of strong’aeWs by stroH^f alkalis has 
already been alluded to. It can bo oxpressed'by tfie equation ;— 

H' + OH' - HjO + 13,700 cals.* 

• 

Most anhydrous (water-free) salts (anhydrous calcium chloride, 
CaCh, for e.\ample)«liss()lve in water with tln^ evolution of heat- - 
a proljahlo sign that combinatioif between the salt and Water 
actually occuirs. Hydfated salts, such as CaCl.,6H20, on the 
other hand, lower the tomporature of the water in which they 
dissolve. Nor is this Surprising, seeing that* such solids contain 
more water than salt; the dissolution of hydrated (calcium chloride 
has, indeed, been compared to the melting of ice. 

Whilst most e.xothermii! processes take place readily, endothermic 
processes, which involve an absorption of energy, are often ditlicult 
to bring about at ordinary teiniieratures. In homogeneous re¬ 
versible reactions, where a balai»‘e between two o])po.sing chaiiges 
is ixissible, equilibrium is ('stablished at. low temperatures only 
uhen the exothermic change is nearly c:otn])leto. If, however, 
the tenqierature is raised the equilibrium gi’adually shifts, niaking 
possible the existciu'c of a larger proportion of the “ endothermic ” 
.bodies in the equilibrium mixture. Consider, for instance, the com¬ 
bination o'[ oxygen and nitrogen, the two main components of air, 
to form iiitrio oxide (NO). 'I’ho reaction i.s a bal.anced one:—. 

N,, -f 0, 2NO. 

The formation of nitric oxide (NO) is, however, highly endothermic, 
and even at the high teniperat.ure of 1.73,S° ('. air contains—when 
a state of equililirium has been reached- (inly 0-37 per cent, of 
nitric oxide. ,lf we raise the tcmperatui'e to 1922° (b, howaiver, 
0-97 ])or cent, of nitric oxide can exist, whilst at 2402° C. the mixture 
contains as much as 2-23 per cent, of the endothermic gas. 

'The shifting of the equiSbrium in the endottu.u'mic direction 
through the raising of the temperature is only one instance of what 
is known as Le Ohatelier’s principle, which can be stated in this 
way: If a system is in equilibrium, any alteration of the con¬ 
ditions will sliift the equilibrium in such a sense as to oppose— 
and mitigate—the alteration in the conditions. Thus if we have 
nitrogen, o.xygen and nitric oxide in cquilibiium at, say, 1538°, 
and endeavour to raise the temperature, the equilibrium will be 
shifted in such a sense that more nitric oxide will be formed, and the 
heat absorbed in its formation will oppose - and jiartially nullify— 
our endeavour to raise the temperature,. • 

The same principle can be applied to the .shifting of equilibrium 
by change of pressure. Ice occupies a greater volume than the 
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water from ivKich it is formed. If wc hflve a mixture of ice and 
• water m equilibrium at 0° 0. under atmospheric pressure, and wo 
then apply an increase of pressure, the equilibrium is shifted and the 
ice begins to inelt; this causes a decrease in volume, and opposes 
the attempt to increase the pressure. In other words, pressure 
lowers the melting-point of ice. In materials i/hich are less bulky 
in the solid condition than in the liquid condition) increase o.f pres¬ 
sure raises the melting-point. 

Free Energy and Internal Energy. AH chemical and ])hysical 
changes involve a passage from a reactive condition to a stable 
condition. Consider, for instance, any balanced reaction, of the 
type:— 

A + B'^^iAB. 

If wc start with the mixture of A and B, the mixture po.s.se.sses 
reactivity- the power to react to'form a certain amount of AB *; 
but, as AB is formed, and equilibrium is approached) the reactivity 
of the system diminishes, reaching a minimum when the equili¬ 
brium'proportions are arrived at. On I lie other hand if W'C start 
with the pure compound AH, this also possesses reactivity—the 
power to dissociate into A and B ; but here again the reactivity, 
of the system declines to a minimum as dissociation prifcec® and 
the equilibrium proportions of A and B are approached. 

Can we not find some means of expressing quantitatively these 
vague ideas of “reactivity” (the “tendency to react”), and of 
“affinity” (the “ tendency to combine”) ? At one time certain 
chemists--impressed with the fact that most s])ontancous changes 
wore exothermic—thought that the evolution of heat accompany¬ 
ing a reaction was an appropriate measure of the “ tendency to 
react.” But such a view is in contradiction with the fact that 
numerous endothermic changes ai’c known wdiich occur spon¬ 
taneously.- ' 

It is now agreed that the " free energy of a system is a suitable 
measure of the jiower to react. The free energy can be defined 
as the “ maximum work ” which can be done (at constant volume 
and constant temperature) by the system in coming to equilibrium ; 
the free energy will clearly diminish as the system approaches 

^ Tho employmoi\^/ of tho vague term " reaclivity," used hero in order to 
introduce the conception of free energy, lias, of course, no connection with the 
em^ 05 maent of the word “activity," in chemical kinetics, in connection 
with certain molecules whicli have been “ activated " by the absorption of 
i^diant energ;^, or in some other way. 

* A good criticism of theSio-called Thomsen-Borbholot principle is given 
by W. C. McC. Lewis “System of Physical Chemistry " (Longmans, Green), 
Vol. II, pp. 3^0, 341 (1920 edition). 
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oquilibrium conditions.« An example,of,how the, “ work ” duo , 

to a chemical reaction can bo obtained will b» given'shortly; for 
the present it is sufficient to state the general fact that a cjicmical 
or physical change will only occur spontaneously in s»8h a direction 
as will cause a diminution of “ free energy.” * 

Sometimes a ch^ge takes place in stage.s, eacR stage corre- 
spontog to a diminution of free .energy. Thus the reaction of 
chlorine with alkali can be made to take place in the following 
stages :— 

24NaOH + 12dj 12NaOCl + 12NaCl + 12HjO 
4 NaC 103 + 20NaCl + 12HjO 
—> SNaClO, + 21NaCl + 12H,0 
-> 60, + 24NaCI + I 2 H 2 O 

In this particular case, the decrease in the free energy i.s accompanied 
at each stage by a doc7’ca.se in o.xidizing power, which is well laiown 
to all who have used these reagents. Wo start with two highly 
reactive substances, chlorine and alkali, the former a most violent 
oxidizing a^ent. 'J'he first product, sodium hypochlorite, IVaClO, 
is still a powerful o.xidizing agent, although loss powerful than free 
(hlorine ^ The second product, sodium chlorate, NaClOj is some¬ 
what less reactive, although still a moderately vigorous oxidizer. 
The thud product sodium perchlorate, NaClO,, i.s more .stable still, 
and the iiual products, oxygen and sodium ehloriile, represent 
maximum stability and minimum free ('iiergy.- 

llow does this notion of free enei'gy accord with the former 
crude, inexact, although of(('n serviceable, cono('ption that the 
magnitude of the heat-evolution accompanying a reaction is a 
measure of engervess ” of the substances In I'cact ? For changes 
at constant volume, wo can regard the heat evolution as being a 
measure of the diminution in the “ internal energy ” of the sub¬ 
stances taking part in the clianges. Now at very low temperatures, 
at which the cq7iilibrium of a balanced reaction is ])racticnlly at 
the exothermic end of the scale, the diminution in the ” free energy ” 
a.idjn the “ internal energy ” attending the change will be almost 
equal. As the temperature (T) becomes higher, and the equili¬ 
brium is shifted in a direetion favourable to the endothermic change, 
the diminution in free (mergy (A) and the diminution in internal 

’ Au interesting paper by A. Korevaar, J. rhys. Chem. 25 (1921), 304, 
who points out that some physical ohomista have used tiro term “ alUflity ” 
to represent a force, and others to represent the work connected with a react^n, 
may be referred to. • • 

‘ Compare W. Ostwald, " Principles of Inorganic Chemistry." Trans¬ 
lation by A. Findlay (Macmillan). 
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water from ivKich it is formed. If wc hflve a mixture of ice and 
• water m equilibrium at 0° 0. under atmospheric pressure, and wo 
then apply an increase of pressure, the equilibrium is shifted and the 
ice begins to inelt; this causes a decrease in volume, and opposes 
the attempt to increase the pressure. In other words, pressure 
lowers the melting-point of ice. In materials i/hich are less bulky 
in the solid condition than in the liquid condition) increase o.f pres¬ 
sure raises the melting-point. 

Free Energy and Internal Energy. AH chemical and ])hysical 
changes involve a passage from a reactive condition to a stable 
condition. Consider, for instance, any balanced reaction, of the 
type:— 

A + B'^^iAB. 

If wc start with the mixture of A and B, the mixture po.s.se.sses 
reactivity- the power to react to'form a certain amount of AB *; 
but, as AB is formed, and equilibrium is approached) the reactivity 
of the system diminishes, reaching a minimum when the equili¬ 
brium'proportions are arrived at. On I lie other hand if W'C start 
with the pure compound AH, this also possesses reactivity—the 
power to dissociate into A and B ; but here again the reactivity, 
of the system declines to a minimum as dissociation prifcec® and 
the equilibrium proportions of A and B are approached. 

Can we not find some means of expressing quantitatively these 
vague ideas of “reactivity” (the “tendency to react”), and of 
“affinity” (the “ tendency to combine”) ? At one time certain 
chemists--impressed with the fact that most s])ontancous changes 
wore exothermic—thought that the evolution of heat accompany¬ 
ing a reaction was an appropriate measure of the “ tendency to 
react.” But such a view is in contradiction with the fact that 
numerous endothermic changes ai’c known wdiich occur spon¬ 
taneously.- ' 

It is now agreed that the " free energy of a system is a suitable 
measure of the jiower to react. The free energy can be defined 
as the “ maximum work ” which can be done (at constant volume 
and constant temperature) by the system in coming to equilibrium ; 
the free energy will clearly diminish as the system approaches 

^ Tho employmoi\^/ of tho vague term " reaclivity," used hero in order to 
introduce the conception of free energy, lias, of course, no connection with the 
em^ 05 maent of the word “activity," in chemical kinetics, in connection 
with certain molecules whicli have been “ activated " by the absorption of 
i^diant energ;^, or in some other way. 

* A good criticism of theSio-called Thomsen-Borbholot principle is given 
by W. C. McC. Lewis “System of Physical Chemistry " (Longmans, Green), 
Vol. II, pp. 3^0, 341 (1920 edition). 
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Thermo-chemisi,tr}i of IndustrisI, Processes. jJfearly all, 
l-lie ohaiigos with which chcmfcal Industry is »once»n?d aro,difficult 
to bring about directly, for tlie simple reason that the ^minerals 
found on the earth have had plenty of time to corypleto the kind 
of changes which occur spontaneously ; they are, therefore, singu¬ 
larly stable sijbstapceR, winch do not react with on(i another unless 
energy is supplied from outside., The most marked exception is 
coal, the combustion .of which is tlu! main source of the energy 
re(|uircd for other reactions. 


Since most of the sietals c\i)lv(^ heat wlum they combine with 
oxygen, it is clear that the op])osite process- the liberation of the 

metal from an oxide.would cause the absorption of heat. In the 

technical reduction of oxides to the metallic state, the oxide is 
usually healed with carbon, or ivith carbon monoxide, w'hich com¬ 
bines with the oxygen and removes it from the metal. The com¬ 
bustion of carbon oi’ carbon ,monoxide if regarded by itself— 
would cau.se the evolution of miadi heat, and this fact reduces the 
endothermic character of the metallurgical ])rocess and may even 
render it exothermic.' , 

Kor insfanee, the simple deeomjmsilion of fcriic oxide, the 
c.s.scntial component of luomatite iron-ore, into iron and oxygen, 
aeci.,'rli«g to the equation 


JKe.O;, - 4Fe + ;(() 


would (if indeed it could l)c <'atTicd out at all at any temperature 
oblaiiiahli^ in an ordinary furnace) involve the absorption of 398,800 
ealories. Rut if tlie reiUiction is carried out by means of carbon 
monoxide, the eombination of the earl)()n monoxide and the oxygen 

according tq the equation 

• 

liOO + 30, OCO, 


would cause the cvolutioii’of 3 ■, I3ri,!)20 cals. - 407700 calorics. 
'I'luis tlu^ comliincil metallurgical n'action 

dFojO, -f OCO 4Kc + OCO., 

will be mildly exothermic, the net evolution of heat being 407,7(i0- 
398,800 = 8,900 calories. 

Industrial processes involving the absorption of heat-energy 
are coinmoidy carried out in furnaces at conijiaratively high tem¬ 
peratures. For highly endothermic changes such as the production 


' Tlio theruio-ehemical data collocted in ^haptor X] W. Robe?ts- 

Austen's " Introduction to the Study of Metallurgy ” (Griffin) may be con¬ 
sulted with advantage. 
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.of nitric oxide,, the electfic .furnace, which puts extremely high 
temperatures at' our'•disposal, has 'proved invaluable. The pro¬ 
duction of calcium carbide, which involves the absorption of about 
116,000 calorWs per gram-molecule, is only possibly, in the electric 
furnace. The introduction of electrolytic methods (as opposed 
to eleotro-thernial methods) has, however, made,it possible to con¬ 
duct many reduction processes at .ordinary temperatbres, the eijprgy 
being supplied, not a.s heat, but as electricity. 
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VII. Radution 

• • 

General. When a liot bndy is .sumninded by other bodies at 
a lower temperature, .it lose.s licat by “ radiation ” : the heat lost 
by the hot body is gained by those around it, and the process con¬ 
tinues until the difference of temperature becomes imperceptible. 
Similarly if the central body is at a lower temperature than the 
surrounding objects, it will gain heat by radiation. Under equili¬ 
brium conditions, when the central body is at the same temperature 
as its surroundings, it can be regarded as losing and gaining heat 
at the same rate, witli the residt that no alteration of temperature 
occurs, j 

It Is welhknown tliat .sonn^ substances (tho.se with blask .sur¬ 
faces) absorb radiation well, whilst other bodies (tho.se with bright 
surfaces) a))sorb very little, but reffcct jiractically the whole of the 
radiation striking them. It might appear as a result that a black 
body surrounded by bi-ight objects would necessarily come to a 
h'gker^'temperature than the latter. This, however, i.s not the 
['hso, because those surfaces which absorb heat most naidily, also 
emit o." radiate lu^at most completely. A black body is therefore 
the better I'adiator of heat than a bright body. 

Since the heal of the sun reaches \is .after i)assing through 
millions <.if miles of s[)ace, it is evident that I he transference of 
■■ radiant energy ” does not dep(md u)ion the presence of matter 
dong its path. It has for some centuries been thought that light- 
rays are a form ol‘wave-motion, and grarlually it came to be recog¬ 
nized that other kinds of radiation which do not affect the human 
(!yo are essentially simiku; in ch.aracter. About 1888, the .Hertzian 
waves—similar to those now used in Wireless Telegraphy—were 
produced by olectro-magnetic means. They differed from the 
visible rays in having a vastly longer “ wave-h'iigth,” but moved 
wivh the same velocity (in mcuo) ; the general identity of the two 
kinds of radiation was gradually established. This gave support 
to the views previously advanced in 186.') by Clerk MaxwoU, who 
believed that the visible rays have also an j^lectro-magnetic char¬ 
acter, • 

In 1895 Rontgen discovered the X-rays, a series whicli, have 
a far shorter wave-length and higher frequency than the visible 
rays ; they are ])roduced wheti “ cathode ray particles ” (quickly 
moving electrons) strike against a metallic surface. It is now 



92 


INTRODUCTION ' 


believed that X-rays are caused by the displacement of an electron 
belonging to oilo of the injier rings of the metallic atom ; possibly 
such an electron is knocked out of place by the cathode ray particle, 
and the energy , liberated as the atom returns to it ;5 original con¬ 
dition takes the form of the emission of the X-ray. The X-rays 
can penetrate nyniy substances which are not trapspaicnt to light; 
henco ^;heir use in surgery. More sccently they have' been employed 
to detect flaws in the interior of metal castings with considerable 
success,* whilst, in the field of pure science, they have enabled such 
workers as W. H. and W. L. Bragg, Debye and Hull to obtain an 
insight into the structure of crystals, leading to the results which 
have already been discussed. 

For the sake of clearness, a table is given below showing the wave¬ 
lengths and frequencies of various kinds of radiation. 


Type of Radiation. 

Wave-Iengtfc (A). 

Frequency (t ). i 

Hertzian or “ Wire¬ 
less ” Waves 
" iShort Waves ” used 

\ enis. to Ki kilos, 
(atfoiit () miles} 

7-5 ,. lOMo 3x 10^ j 

* 

in Marconi Syatoni 

IhlO metres 

1 - no* 

Infra-Red Waves (In¬ 



visible) 

Visible Rays (apjHoxi- 

()v(M‘ 7,700 > 10'^ ems. 

1 Less liian 3-0«, : 

inate ranges only): 



Red Rays 

7,70010~^lti(),47<t ■; jO'^'ems. 

:i !)y 10'Mo4 (i <10'^ ^ 

Orange and Yellow 



Rays .... 

0,470 y Kr'^to .7,.500lO'^ems. 

4 0ylO'Mo5 5:- 10‘^ ; 

<Troen. Ha.ys . 

5,500 ■ I0-‘’to4,920 •- 10-Yms., 

r> r)Xlo'HoO i xio*<, 

Blue and Violet Kays 

4.i»2(i,\ tn-v,iis. 

Xi l .' lO'Mo 8-3 X 1011 ^ 

Ultra- Violet Waves 



(Invisible). 

r.ess t litui 3,000 >; ems. j 

More tliiin S :( ■; 10“ } 

X-Rays and y-Rays 

8-4 ■:10-''(o0n7xl0-'V'ms. | 

10'"(i>4 .t,\ 10“ ! 

Principal Pallndiinn 



Line (Bragg) , . 

0'57(i :< 10' ^ cms. 

« 

.';-2lxl0'» 


It will be noticed that the frequency increases as the wave¬ 
length diminishes. This is 
ind(‘ed a necessary coilke- 
qnence of the fact that all 
the waves move with the 
same velocity. For imagine 
(Fig. 14) a train of waves 
moving ])ast a fixed point, P, 
with velocity 'Ilie frequency (r), that is the number of wave- 

% ft 

* A general summary of the subjoet, with bibliography, is given by Sir. R. 
tfadfield, Trans. Faraday Soc. 15 (1920), 1. 


^Direction of advance of 
p reaves with velocity v 



—A-" ‘ ' 

Fni. r4. 
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crests arriving at P.caJli second, js cktarly equal to.L wSero A is the ■ 

wave-length, the distance froiu the peak of one. wave to the peak 
of the next. Now the velocity, v, is the same for all,waves moving 
through space* being equal to 299,940 kilometres per second. It 
follows that the freipiency (r) is inversely proportional to the wave¬ 
length (A). • * , 

AH the waves mentioned in the table above an; capable of pro¬ 
ducing heat when absorbed by matter. Many of them, however, 
produce other efleet.s,far more striking. Those with wave-lengths 
shorter than about 5,000 x 10'* cms. causi? the decomposition of 
silver salts, and therefore can be u.scd in photography. Rays with 
wave-lengths between 7,700 x 10'* and 3,000 >; 10'* cms. produce 
the sensation of light to tlu^ eye, the colour varying according to 
the frequency. 

All solid and liquid sub.stances, by virtue of the vibrations of the 
atoms or elvctrons, are capal^e of .sending mit radiation, but at 
low temperatures the waves are of too small a frequency to affect 
the eye. As the temperature rises, however, and the movement 
becomes more violent, waives of increasingly high frequency are 
produced along with those of low frequency, and, at about 515° C., 
all substances begin to glow' with a dull red heat; at higher 
temperatures, they become bright red, and linally at very elevated 
temper.liurcs, they attain white heat.” So long as the material 
in question is a bimk (non-transparent) body, the proportion of 
ditferent wave-lengths pre.sent in the light emitted depends only 
on the temperature ; in other words, all “ black bodies ” at a given 
tiunperaturc have the same ” emission spectrum.” This is not 
the ease if the body is transparent to radiation of any particular 
wave-leugtB. An«explanation of the distribution of wave-lengths 
in the spectrum of a black body, and its variation with the tempera¬ 
ture, is afforded by Plaqck’s “ quantum theory,” which will be 
referred to at a later stage. 


Refraction and Reflection of Light on passing from one 
Medium to another. In general, when light-waves pass from 
one^cdiifm to another, they suffer a change of direction; short 
waves arc deflected more, than long waves. The amount of the 
angular deflection depends on the angle at which the rays strike 
the boundary betw een the media, and .also iqltm the nature of the 
media. * 

It is possible to assign to every material a number called the 
“ refractive index.” When light passes from one materia^tR* 
a second material whose refractive ifidcx is ver/ different from 
that of the first, it is likely to suffer a considerable deflection. 
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Where, hoi.over, the tecond medLum has a refractive index nearly 
the same as th<, first, t'lere'iviil be if niuch smaller change of direction. 
If the ro’fractive indices of the two media be /<, and respectively, 
and if a light-l,ieam before striking the surface sopaiating the media 
makes an angle of 0i with the line perpendicular t!o that surface, 
and after suffering “refraction,” makes an angle 0, {see Fig. 15), 


then sin 0 


=*•“* sin 0i 

Hi 


When the two media have the same refractive index, so that. 
//, /i.., it follows tlKit 0, = 0 ..; in other'words, there is no 

alteration in the direction of the light-beam. In any case theni 
is no alterafioii in direction, when the light falls in a direction jier- 
pcndicular to the interface, for then 
both 0i and 0.. are equal to zero. 

Upon the change of direction of 
light,'passing from one medium to 
another i.s founded the principle of 
the microscope, the telescope, the 
.spectroscope, the camera a id practi¬ 
cally all optical instruments ; to the 
optician a knowledge of the refrac¬ 
tive index of a glass i.s of ftielir^t 
importance. As a rule, heavy glasses, 
containing lead and barium, have a 
higher refractive index than glasses 
containing only the lighter metals. 

But there is another equally important phenomenon which 
occurs when light passes from one medium to a second ; a certain 
fraction of the light is reflected at the interface. The fraction 
reflected is always small, but is in general greater when the 
refractive indices of the two media differ greatly than when they 
are close together. When a thin slab of glass is placed, for instance, 
on a wooden table, the amount of light reflected at the surface 
is but trifling ; the wooden surface will still be seen through the 
glass, the pre.sencc of which may easily escape observation. J?ut 
if, instead of the slab of glass the table is covered with a layer of 
glass powder of the same thickness, the effect is quite different. 
The light now has to pass across hundreds of glass-air interfaces 
before it reaches th,V wood, and, although the amount reflected 
from each interface is trifling, the aggregate reflection is very con- 
sidera'ble. The whole surface appears white, and the wood below is 
con»i)letely hifld,en. If, now^the glass powder is wetted with water, 
the reflection is diminished, for the refractive index of water is 



Fin, 15.—Dcflexition of ti Hay on 
passing from ono Medium to 
another. 
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nearer to* that of glasy than is ihe refrdctive index (jf an-; the 
powdered glass appears to haYejKjcovc'ret} son\e of transparency 
of the solid plate. If, instead of water; the glass is wctJed witK 
cedar oil, which has a refractive index quite close to that' of glass, 
the reflection dfeninishes still more, and the colour of the wood below 
is easily seen. 

Now when^ coUt of paint is put on wood or racial, the coating 
consists of a largo number of ft'anspareut particles of pigment 
suspended in a film of dried oil (the “ \'ehlcle”). Light passing 
through a film of this kind is reflected wherever it passes into, or 
out of, a pigment pfirticle. In order to «htain satisfactory 
fiection of the light by means of a tliiji coat of paint, it is necessary 
to choose a pigment whose refracti\'e iiidex is very different from 
that of the vehicle. ^ 

Nearly all practically useful pigments are heavy substances— 
ccuu|)Ounds of lead, zinc or barium- wliioh have liigh refractive 
indices, greatly exceeding that of (he vehicle. (Substance^ with 
low refractive index have small “ covering power,” or, as it is 
sometimes called, “hiding power ” ; a comparatively large quan¬ 
tity of suoii a substance is required to prevent the wood flr metal 
below from showing through the film. Another requirement of a 
pigment of good covering power is evidently that it should exist 
ill a fiii'e state, so as that light penetrating the paint-coat meets 
a large number of oil-pigment boundaries before it can reach the 
wood or metal below. 

Whilst th(! light striking the surface of a transparent substance 
like glas.s .sufTors but little reflection, tlie reflection at the smooth 
surface of an opaque substance, e.g. a metal, is considerable. 'I'lie 
law governing the direction of the reflection of light at. a plane 
surface is awery simple one ; the ray after reflection ren\ains in the 
jilane containing tCe incident ray and the lino drawn normal to ( he 
surface at the point of incidence, and m.ikes the same angle with 
that line as docs the incillent ray. 

Continuous Spectra and Line Spectra. By means of a 
spectroscope, the light proceeding from a hot body can bo analysed. 
For Ae purposes of a chemist, a prism-spectroscope i.s quite con¬ 
venient, although the physicist often prefers an instrument fitted 
with a diffraction grating. A glass prism causes all waves striking 
upon it to be deflected in their course, but the.short rays are more 
deflected than the long rays, and the rays of different wave-lengths 
are thus separated from one another. If the light from a whifj-hot 
solid is examined, a “ continuous spectrum ” is seen, con¬ 
sisting of red at one end, passing insensibly into ora*)ge and yellow, 
which in turn passes into green, and from gieen into blue and violet. 
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This eontiruoiis speotJruin shows/that “ whV« light ” ooiitains rays 
of all the waw3-'i.«>igHJS to' which vhp oyo is sensitive. If, however, 
"in the place of a solid, wh u.sc a glowing gas as the source of light, 
we usually obtain- not a “continuous spectrum but a “ line 
spectrum.” 'The visible spectrum of a flame coiltaining sodium 
vapour appears to be a single yellow line (the “ B line ”), which, 
in a spectroscope of high dispersive power, niAy .be found to be 
I'cally' a pair of lines very close together; actually the contplete 
sodium spectrum contains more than this one pair of lines, but only 
the “ B ” pair falls on to the part of the 8])eetrum visible to the 
eye. The pair correspond to wave-lengths of .5,8fl() X 10"* and 
.5,890 A 10-" cms.' 

If w'e pass the light from an intensely hot .solid body through a 
flame containing sodium vapour at,a lower temperature, w'e obtain 
the usual bright continuous spectrum of the solid body, but- at 
just that place where the yellow line of the sodium spectrum .should 
fail- -)ve obtain a line which, compal'ed to the rest of tljo continuous 
.spectrum, is extremely dark. This is easily (explained. The sodium 
vapour is a specially good radiator of rays of wave-lengths 5,890 X 
10'* and 5,89(5 X 10'“ cms.; it follows, therefore, thattt will also 
have a strong absorptive power for the same rays; consequently 
it has e.xtracted light of these particular wave-lengths fjon^the 
continuous spectrum of the hot solid, with the production of the 
dark line. Numerous dark lines occur in the otherwise continuous 
spectrum produced by the light from the sun ; one of them corre¬ 
sponds in position to tlieBline of sodium, and therefore we know 
that sodium occurs in the sun. In e.xactly the .same w'ay, th(( 
pre.senoe in the sun of numerous other well-known elements has 
been detected. 

Spectrum Analysis. Tln^ spectroscope is* extreiiiely u.seful 
in chemical analysis for the recognition of metals in a salt-mixture, 
especially for metals of Groups Ia and IJa, all of which yield well- 
marked lines. Very small quantities of the elements can be recog¬ 
nized, such as would be difficult to detect in any other way. In 
searching for one of the.se metals, it is usually sufficient to moisten 
the substance to be tested with hydrochloric acid, to introdiAe it 
into a colourless flame and to observe the result in a spectroscope. 
If, however, it is desired to look for one of the less volatile metals, 

' The cause o£ the eiilissioa of rftcliatiua.s of certain definite wave-lengths 
by substances in the gaseous state, and the conclusions regarding atomic 
structure which have been founded upon ttie study of line spectra, ia too large 
a subject to be discussed hero. Kefercnco should be made to the papers of 
N.^ilohr, PhiU-Mag. 26 (1913), 1, 476; 27 (1914), 606; ZeiUch. Phys. 9 
(1922), 1. Sir ,l.*.f. Thomson, thil. .Marj. 36 (1920), 419. ,1. W. Nicholson, 
Tranft. Chem. Soc. 115 (1919), 8.75. 
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a higher tc‘nij«!rat\ire,{e.5;. that of l|re elecyte are) njust iTc used in 
order to vapori/.e the metal inUjuestioii. ^ • • * , 

If a H(ieetrosoo|)e is not at liand, tlie eoloiir of thi^ liame alone * 
sometimes allows the ehemist to judge of the natur|»of the sub- 
. stances introcluia’d into it. Sodium sails give a yellow' fiarae, 
potassium salts_a ])urple flame, barium salts a green ilame, and so 
on. The simple flame tests ” are, however, somewhat uncertain ; 
sevcraf metals, foj' instance, give red flames which- unless viewed 
t.hrough a, spectroscope—may be mistaken for one another. More¬ 
over if a mixture contai*»s much sodium, the ythow colour produced 
is likely to mask the effect of the other nudals. 

Absorption Spectra. 'I’he natural colour posses.sed by many 
.substances at ordinary temperatures is generally due to the fact 
that the substances display .selective absorption of the light passing 
through them. A solution of potassium permanganate, for in¬ 
stance. absorbs some of tlie y»llow ami green rays of sunlight 
very eompk'teiy, w hilst allowing the red, blue and violet rays to pass 
without much loss : it po.sses.ses conseijuentiy a reddish-violet colour. 

By viewiin; tin- light which has passed through a coloured sidution 
in a s))ectrosco])e, the “ absorption spectrum ” can be studied. 
,Thns a .solution of potas.sium permanganate shows live fairly .sharp 
absoi'iuioo bands in the yellow and green. All the permanganates 
■ ineludj.ig permanganic aeirf- show tlnr .same bands within 
exactly tin .same limits, a fact that suggests that they are due to 
the (MnO,,)'ion, or |)o.s.sibly to the (MnO,) grou)i.' 

Neai'ly all the metals with brightly-coloured salts oitcur in the 
central jiortion of the jieriodic table, although colour is also met 
with in the group of the rare earths. 'J’he power of selective absorp¬ 
tion seems in general to be eonnerded with variable vidency : metals 
with fixed valency have usually colourless sidts. Variable^ valency 
suggests that tlu^ I'.iTangement of electrons in the outer shell, or 
ring, of the atom is laipablc of variation, and that the rr-straints 
holding the electrons ii> their positions anr probably srnidler than 
in atoms of ti.xrsl vidcncy. Consequently, these electi'ons can 
b<r displaced by light of comparatively low frequency (i.e. 
visible “light), and such light is eonserpieritly absorbed, giving 
rise to colour. On the other hand, in atoms of fixed valency, the 
restraint holding the electrons in po,sition is so great that the 
electrons can only be displaced by light of high frequency; 
selective, absorption in the invisible ultra-violet region may occur, 
but this will not, of course, produce colour in the ordinary sense 

^ See W. Ostwald. Zcitach. Phya. Chem. 9 (189jJ), 583, but 1^. H. MertonT 
Trans. Cham. Soe. 99 (IIUI), (i37. Compare A. H. Hantzsch, Her. 41 (1908), 
1216, 4328; Zeitsch. Phya. Chem. 72 (1910), 302. 
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of the word. ,It is not^iworthyf that in set/eral metals most o,^ the 
salts are cofoifrless,^ buf; one or two' exceptional compounds have a 
yellow.tinge. For instance, most of the silver salts are colourless 
to the humap eye, because the selective absorption which occurs 
lies in the ultra-violet region beyond the limit ot visibility. But . 
in the case ef the iodide, the absorption ext,ends a little farther 
in the direction of low frequency, and visible bhieways are absorbed 
also ; consequently silver iodide has a yellow colour.* *' 

Tlie study of an absorption spectrum is occasionally useful to 
identify a metal in,a solution containing .various salts. Some of 
the rare earth metals, notably neodymium and prasiodymium, have 
very characteristic absorption spectra; the separation of these 
metals from others of the group, and from one another, can con¬ 
veniently be regulated by the aid of the spectroscope. 

In most ca.scs where the colour of a solid substance appears to 
be due to light reflected from ,the surface, closer investigation 
shoWs that part of the light actually sinks some into the sub¬ 
stance before it is reflected, and therefore suffers selective absorp¬ 
tion. . For instance, when light strikes a heap of loose powdered 
lead chromate, many of the rays penetrate several grains before 
being reflected from some chromate-air interface within the heap. 
Dining the passage through the pigment, blue rays arft'vbsorbeef 
more than others, and the emergent light has, as a whole, a yellow 
colour. The colour will be more intense if the powder consists of 
coarse grains than if it consists of fine particles, since in the first 
case the light will penetrate through a greater thickness before 
being reflected. Similarly large crystals of copper .sulphate ari^ 
distinctly blue, but when ground in a mortar yield a powder which 
appears nearly colourle.ss. 

Surface Reflection. As opposed to tlfe coloration due to 
selective, ah.iorpiion of light which penetrates ihrowjk the substance, 
some materials possess a characteristic colour due to selective, 
reflection at the, exterior surface. Usually the substance reflects 
with especial case those rays which it absorbs, and the colour due 
to surface reflection is often roughly complementary to that caused 
by absorption. Thus the dye fuchsine, which absorbs gre^'n rays, 
has a magenta colour when viewed by transmitted light; but its 
surface possesses a brilliant green lustre. There are, however, 
many excejitions to this rule; the dye, cyanine, for instance, has 
a purplish colour whether viewed by reflected or transmitted light. 

'■The colour due to surface reflection is best shown by metals. 

« 

* This viewiof the counecDiou between colour and valency is developed by 
G. N. Lewis, J. Armr. Ghe.m. Snc. 38 (1916), 783. Compare N. Bohr, Zeitsch. 
Phys. 9 (1922), 52. 
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If gold is beaten out iifto loaf th^Jn enough to be, tran8*[iarent, its 
colour, when viewed*by transniittcd lighj, is *greeil, ir, if the leaf 
is Biado oxtremoly thin, blue. These colours arc duo to the fact' 
that the nal and yellow rays of the light pas.sing through it arc 
absorbed. Yet gold vicw(!d by reflected light is, as is well known, 
yellow ; if the ligli^ is rollected several times at gokt surfaces, the 
oft-rcflected ray has a distinctly red hue. The colour is here caused 
by .setectfve reflection ^ gold leaf reflects 90 per cent, of the red 
rays that impinge on it, but only bO per cent, of the gi'oen ones.'^ 
It is rather interesting to note that a colloidal solution of gold, 
consisting of minute particles of metal suspended in watcu’, shows 
an exa(!tly oj)]>osite colour-effect; instead of appearing green by 
transmitted light and red by reflected light, fhe solution is red by 
transmitted light and green by reflected light. Ruby glass, which 
consists of minute particles of gold suspended in glass, is also deep 
red when viewed by transiuHted^light. The reversal of the normal 
coloration is (hie to the small size of the particles, but the ex]1iana- 
tion is somewhat complicated, and those interested must study it 
elsew'h(‘rc.- , 

It is worRi while to notice that the colour of colloidal solutions 
varies somewhat with the size of the particles, and changes if they 
’ join ^ 'ino another to form “ secondary aggregates.” On adding 
sodium chloi'ide to the red solution of gold, the minute particles 
join together to form loose clusters, and the colour of the solution, 
viewed b> transmitted light, becomes blue. 

Many metals w-hich appear bright when obtained in the compact 
state with a smooth, polished surface appear dark when present 
in a porous, furry condition. Thus platinum foil is bright and 
glittering, but “ reduced ” platinum is a black powdoi'. The foil 
reflocts much* of the light striking it directly into th(( eyc.s of the 
observer; but the light striking the reduc(‘d imflal is probably 
I'cpeatedly reflected from between the sides of th(( channels thread¬ 
ing the porous mass, and suffers loss of intensity at each reflection 
until gradually it oomes to be almost entirely absorbed. 

Interference Colours due to thin Films. Another typo of 
coloraflon of great importance in the study of metals is caused by 
the ])reBcncc of a thin film upon a reflecting surface. It is well 
known how' copper, when heated in air to different temperatures, 
shows all sorts of beautiful tints in different places, the tint depend- 

* Soe It. W. Wood, ” Jd\ysicul Optics '* (Macmillan, 1911), p. 497. It. 
Sohenck, " I’hysical Chemistry of the Metals''; translutioii bv K. .S. Deaji 
(Chapman & Hall), jip. 27, 28. • 

“ A ftimplifiod treatment of the mutter is given I>y W. ft. Banerofl, ,/. 
Phys. Vhem. 23 (1919), 554. 
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ing on tllo teniperature,. apd tjie time oi exposure. The saiuc 
phenoiiienonVsinoticfoablc in the eawe of iron floated in air, and the 
colour produced is, usi^d -in the tempering of steel - to gauge the 
temperature M,f the metal. Tints are also .seen on polished silver 
which ha.s been expo.sed to hydrogen sulphide. 

Now these effects arc caused by the appear<<pce of a very thin 
film of oxide -or, in the la.st cn>ie, .sulphide—on the surface of th<^ 
inetaR ; the colour produced depends mainly on the thi(dirfe.s.s of 
the film. Consider (Fig. l(i, ease (a) ) light reflected from a double 



surface of this kind. Let one ray of light (EF) be deflected from 
the oxide-air interface, and another ray (CD) from the metal-oxide 
interface, the emergent rays (IKJ and FG) following the same path. 
Now', if the wave-length of the light and the angle of incidence is 
suitable, the rays reflected from the two interfaces will both be in 
the “ .same phase,” the crests of one ray corresponding to the crests 
of the other, as suggested in the diagram.” As a result the two rays 

* Possibly not an oxide or sulpliido of dofmito composition. See U. R 
Evftns, Tranv. Faraday iSocietyf 18 (1922), 6. 

i, ^ It is a8.^umed that the film of oxide or sulphide has a refractive index 
intermediate between that of the metal and air. In such acase the difference 
of phase is given by the “difference of path” alone. See R. VV. Wood, 
“ Physical Optics ” (Macmillan, 1911), p. 170. 
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<if light unite to form a ray of gifeatcf irtlensjty. jlf,ho\v(5V(^r, tin 
wave-length is changed, the angle of ineideiice and thielfness ol 
film remaining the same, as in Fig. 1(5, case (b)' the emergent rayt 
may he in opposite phases, the crest.s of one ray cfrt'fesponding tc 
the troughs of the other. In this case, the tw'o portions will “ inter¬ 
fere ” or canoel ofte another. Evidently, therefon*, when white 
light Jails on a ‘double surface of this kind, certain wave-lengthi- 
will be e.xtinguishcd ih the reflected portion, whilst other wave¬ 
lengths will be reflected with considerable intensity, and thus the 
reflected light will mt longer be white, but distinctly coloured. 
If the thickness of the film be altered, or even—in some cases—il 
the angki at which the surface is viewed be altered, the wave- 
lenglhs of the light extinguished will be changed, and the con- 
-scipient “ colour” of tlui film wall be changed also. 

The very lieiiiitiful colours seen when light falls upon watiU' 
covered with ii thin film of oil .frc due to a .similar cause as J-hose 
produci'd by oxide films. 



X-Ray Analysis of Crystal Structure. It has been re¬ 
peatedly statetl that tln^ atoms of a crystal an* arrayed in definite, 
layers. 'I'he distance between two layers is very small comjiared 
even with the wave-length of light. It is, however, comparable 
to the’wavft-length of an X-ray, and advantage has been taken 
of this to obtain a series of phenomena somewhat analogous to the 
one just deserilnxl. 

If a train of X-rays (Fig. 17) [las.ses through a crystal, it meets 
with the parallel ranks of atoms, and from ea'eh rank of atoms 
a certain amonnt of retle(dion occurs. The amount reflected from 
each rank is very small, but, if t he reflected rays are all fn the samtR 
pha.se, th(^ (unnulative leflection will be snlfieient to produce a 
marked effect on a j)hotographic ])late. ’I'he f\ilfilmejit of the 
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condition thut ^he reflecttd fays Jhall all be in one phase will depend 
■upon the wave-length oh the rays eiiiployed, the angle of incidence 
and tho distance between the ranks of atoms. For X-rays of a 
given wave-lcilgth there will be certain j)articnlar aijgles of incidence 
which will produce very marked reflection, the intervening angles, 
causing very Vittle reflection. By observing tbSse angles of maxi¬ 
mum reflection on different fates of a crystal, fro can ca^pulate 
the distance.s between the layers of atoms phrellel to different faces 
of the crystal, and, in this way, information as to the packing of 
the atoms in the crystal is arrived at.* * 

Tho results obtained by these methods are of tho greatest im¬ 
portance and many of the statements regarding crystal-structurf^ 
which have already been made in this book are founded upon them. 


Photo-Chemistry. It has already been stated that radiations 
of wave-lengths shorter than about .1,000 :< lO”** ems. can cau.so 
the .decomposition of certain sliver comjiounds. .Many other 
substances are de(!omposcd by the action of light; for instance, 
some of the salts of iron and uratiium. The combination of chlorine 
and hydrogen gas does not take place in tho dark, but takes plac(i 
with great violence if sunlight is allowed to fall on the mixture. 
All these reactions are said to be photo-chemical.” Another, 
similar change nhich has already been mentioned is the production 
of free electrons when ultra-violet light is allowed to fall on the 
surface of a metal (the so-called ‘■photo-electric effect”). 

Xow in every case it is necessary that the light .sh.all bo of suffi¬ 
ciently high frequency. Violet or ultra-violet rays are active in 
decomposing a silver salt, whilst red light as every photographci' 
knows--is without action. In the cas(? of tho “photo-electric 
effect ” a definite frequency exists for each metal bobw which the 
light—however intense.is entirely without action upon tho metal. 

This interesting fact- like many other facts connected with 
radiation- is best considered in f he light of the Quantum Theory 
According to one form of that theory, radiant energy is not giveti 
out by an atom or rnoleoide in random quantities, but in definite 
parcels, or “ quanta ” ; according to another form of tho Jheory, 
it is only absorbed in “ quanta.” In general, one quantum will bo 
absorbed- or emitted- by each molecule ; conceivably, in certain 
cases, two, three,or four (pianta may be absorbed or ('mitted- - 


VTlie niftijod of denving tin* inl'oiniation Ls <*xp]aiiu‘<l in a .siniplo manner 
ill W. fi. and \V. L. Bragg’s “X-Rays mid (.'rystal Structure’’ (Boll). 

- M. J’larfbk, /Jrr. Deutsch. Phys. Oi’.s. 2 (1900), 2'M ; Sitzungsher. Prciiss. 
Akad. (1914), 91«. A. Einstftn, Ann. Phys. 17 (1905), 132; 20 (lOOO), 199. 
Soo also W. C. MoC. Lowiw, “System of Physical Chemistry,” Vol. ITI 
(Longmans, Gr^en). J. H. Jeans, Tram. Chem. >Soc. 115 (1919), 865. 
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but never a fraction of t, quantum* Ttie value of the quantum is, 
however, not the same for all lands of radiant enetgy, but varies 
with the frequency v, being equal to hv, where h ^s a number\nown 
as Planck’s Constant. If the unit of time employed^ jn expressing 
the frequency is the second and the unit of energy adopted is the 
erg, Planck’s constant has a value of C-5 x 10"^^. , 

Let us now return to the production of free ions by the action 
of liglft on a metal. If,a quantity of energy, q, is needed to remove 
one electron from an atom on the metallic surface and if this quan¬ 
tity is to bo supplied 41 s radiant energy by the absorption of one 
quantum, then that quantum hv must clcarljf be equal or greater 


than q. In other word.s, v must bo equal or greater than j. It 


follows that if the frequency is»less than a certain critical value, 
the radiation is without effect. In a .similar way, it is possible to 


explain the fact that only Uglily of very short wave-length causes 
the decompo.dtion of silver salts, although here the que.sthm is 


.somewhat ?nore complicated. ^ 

The quantum theory, originally introduced to e.xplain the dis¬ 
tribution ot w'ave-lengths in the light emitted by a hot body, is now 
bemg applied ufth success to such subjects as catalysis, which at 
first t appear to have little to do with radiant energy. The 
theory, however, suffers under the clisadvaritago of being without 
an accept ed phy.sicid ba.sis. As long as the chemist is without a 
clear picture ivhich will enable him to understand why energy 
should necessarily be sent out through space “ tied up in bundles 
of amount hv,” the theory will not become u.seful in the way that 
the atomic theory i.s useful. It is pos.sible that certain stiggestion.s 
recently made by Langmuir ^ may lead ultimtitely to the provision 
of the “physical bisis ” which is so badly required. 


The Application of Photo-Chemical Conceptions to ordinary 


Chemical Reactions. An interesting hyjmthcsia has been put 
forward by Lewis,^ who suggests that ordinary chemical reactions, 
which proceed as readily in tho dark as in the light, are really in a 
sense photo-chemical, but depend upon the absorption of the 


• See J. Stark, Plii/n. Zeitsch. 9 (1908), 892, 894. M. Bodonetoin, Zeitselt. 
Phyn. Che,m. 85 (1913), 329. E. Warburg, Sitzungeber. Preuss. Akad. (1911), 
746; (1912), 216; (1913), 044; (1914), 872 ; (191.7), 230; (1916), 314; 
(1618), 300, 1228 : (1919), 91)0. Compare I. Langtimir, 'Vrans. Amer. Electro- 
ehem. Poc. 29 (1910), 147. 

^ 1. Langmuir. Phyo. Rev. 18 (1921), 104. * 

^ A. Lamble. Jinii W. (f. McC. Lewis, Trans. Ckem. Poe. 105 (191-'), “330 ; 
107 (1916), 233. W. C. McC. Lewis and others, Trans. Chem. Soc. 109 (1916), 
796; 111 (1917), 467, 1086; 113 (1918), 47i ; 115(1919) 1%2. 710, 13if ; 
117 (1920), 623 ; 121 (1922), 665, E. K. Hideid and .1. A. Hawkins, Trans. 
Chem. Soc. 117 (1920), 1288. 
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relatively* long, invisible, ijifra.»fed rays, tuch as arc ciiiitteil by 
substapees it [ordifi<wy temperaten'O.s, This theory provides an 
explanation for the remarkable 'increase in the velocity of all 
ordinary clnvnical reactions caused by a comparatively small rise 
of teniperatiire—a fact wliich is very difficult to'" explain in any 
other way ; t;he increase of temperature causej a marked inorca.so 
in the “radiation density” of, the radiation in.question—which 
increase is sulTicient to account for tlie inere?sed reaotional velocity. 
According to this theory, a cataly.st, if added, aids the reaction by 
emitting radiation of the tiesired type, and, thus acts in the same 
way as an increase o'i temperature. The theory is perhaps rather 
more successful in explaining homogeneous catalysis than in its 
application to heterogencoiis catalysis.* 

Fluorescence and Phosphorescence. When light falls upon 
certain substances, they commema! to giv(i out light of a colour 
dilferent from that of the light which is falling upon them ; usuall,y 
the Emitted light has a frequency lower than that of the incident 
light. Such substances are said to be “ fluore.scent.’' Good ex- 
amplcc of fluorescences are afforded by solutions of uranium salts. 
Sodium vapour is also tiuoresceut. Since the emitted light is not 
necessarily .sent out in the direction in which the incident light was 
travelling, a “ scaltering " of the light is produced ; the phcKW.ienon 
of fluorescence is Ix'st obseiued if the eye is placed so that (he 
incident light lainnot reach it tliroctly, but only tlui light omitted 
by the fiuorescimt substance. There is little doubt that in the case 
of the salts of hexavalent uranium, the light etiergy absorbed by 
certain molecules ])roduces sonu^ endothermic change, and that the 
next moment the reverse change occurs, the original hexavalont 
salt being regenerated and the energy being rc-emitted as visible 
rays,“ 

The phenomenon of phosphorescence is similar to that of 
fluorescence, but a phosphorescent substance continues to glow 
for an appreciable time after the light has ceased to beat upon it. 
It is probable that all mtid fluoresc(mt substances are really j)ho.s- 
phorescent, although in some cases the glow may oidy jjersisl for 
a fraction of a .second after the exciting light has b(H!rl shulTolf. 

^ Compuro W. I). Bauoroft, Trans. Amur. Khdrothan. Si/c. 37 (1020), 21. 

* K. Baur, Srhwp.iz. CJicm. Zeit. 2 (1018), 40, AbKtnirt, J. Chem. Soc. 
114 (1918), ii., 143.[ ■ 
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Early History of the Earth. Many millions oi years ago, a 
quantity of .matter probably in the gaseous ♦onditioii—wa.s 
tbrojyn off fronillie suii; this matter divided into various fragoients, 
wliich became tlu! different plaruds. The fragment with which 
wo are mo.st concerned again divided into two unequal part.s, one 
of which is now callt^ the Earth and the other the Moon.® 

At the lime of tliis division, the matbw composing the Earth 
had probably eooled down to a considerable extent, and was prob¬ 
ably already largely in the licpiid state. Afterwards, when it had 
eooled still further, a solid eiVst aji])eared on the surface. All 
caroling is aeeompanied by shrinkage, and presnmably the exterior 
])ortions, whiah eooled most qsickly, tended to shrink more than 
the interior.* The unequal slirinking- - aided, no doubt, bj* other 
(causes—oeeasioned violent earth-movements whieh, in a greatly 
les.seneci dggree. persist to the present day. In .some placfs those 
movements would show themselves by the upheaval cjf the .surface 
to form moiintain-ehains. In other loccditics, the crust would 
break, liiul the still molten interioi- of the earth would spurt forth 
vast il ods of lava ; indeed, compared to tlie early voleanio activity 
of the earth, our modern eriqrtions must be regarded as very trifling 
affairs. 

Denudation. .\t line time of wliicli we liave been speaking, the 
'■ atmo.sjfliere " or gaseous envelope wliieb surrounded the crust, 
mii.st have eontained. beside.s the oxj'gcn and nitrogen whieh remain 
to the pre.sfcnt da,^ in the gaseous eoiulitioii, much water-vapour 
and probably a. considerable amount of (carbon dioxide. An ini- 
))ortant date in the history of the earth was clearly reached when 
the temperature became suflieienlly low to allow the eondeusation 
of water ill liquid form, with tlie eon.se(|ueut production of seas 
in the lower ])orti(ms of tlie earlli. 'riie local variations of tem¬ 
perature, howevei', allowed evajioration to eomraene.e over the 
seas, and the subsequent condensation upon the mountains (the 
phenomenon whieh we now call ‘‘ rain ") gave' rise to streams and 
riv'crs flowing down into the ,sea. This gradual passage of water 

‘ 'Flio loitowing hdolis may lie cmisuiU'd wiili ^diauitagc : "Mineral 
Dc'po.sits,’’ by VV'. i..indgreii(.Mc(lra\\ -ililI): " Ore ilepnsit.s," by I''. Foy^ctilag. 
,!. tl. L. Vogt amt ff. Krusc.ii (transtcdc'd by S. J. 'I’ruscott, Maemillaii). 
" Oeocliomistry,” by i'. \\^ (hirin' (K.S. (ieol. Surv.); " deology of #)ro 
Deposits,’’ by H. tt. trhomns and Jt. A. Sfacnlister (Ani^tld). 

“ H. Jeft’roys, Hoij. J.v/y. Soc. Notivrs, 78 (1017 -18), 110, 124. 
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from high 'places to I6w ones was not without its effect upon the 
primitive rocLs} of the earth, which became both mechanically 
Jisintegrated, and chemically attacked, by the water flowing over 
them. Later,on, when the temperature became suitable for the 
appearance of fife, the roots of plants and the burrowing of animals 
assisted in the, task of breaking up the rooks, \^’hilst the presence 
of organic acids—as well as of carbon dioxide—in/,ho water aided 
in the chemical erosion of the same materials. Thus a pAcoss 
of “ denudation,” a constant wearing down of mountains, accom¬ 
panied by the continuous transport of material to the sea, com¬ 
menced, and the sam^ process persists to the present day. The 
insoluble matter brought down by the rivers was deposited on the 
sca-bottom, and, when subsequently fresh earth-movements pushed 
lip the sea-bed to form new land, the sediments wore consolidated 
into rock. Wo sec, thus, the appearance of a fresh typo of rock, 
tiie Sedimentary Type. Of course, as soon as a sedimentary 
rock k pushed up above the surface of the sea, the restless forces 
of denudation commence to wear it down, just in the same way 
as the yriginal crust was worn down before. But, in spite of this 
rapid denudation, there exist to-day vast masses of sedimentary 
rocks, some of which were probably laid down at least .'>00,000,000 
years ago. 

Main Epochs in the Geological History of the Earth. As‘it 
will bo necessary to refer occasionally to the ages of different rocks 
and ores, it is convenient to give (on opposite page) a table showing 
the names generally used by geologists for some of the main periods 
af geological time, the oldest being shown first. 'I’lio periods men¬ 
tioned were by no means equal. The first or Pre-Cambrian epoch 
was probably almost as long us all the others put together. Studies 
)f radioactive minerals occurring in rocks of this».igo seem to suggest 
that it lasted from about 1,000,000,000 to about 1,000,000,000 b.c. 
Similar evidence suggests that some of the Carboniferous rocks 
were in process of formation about .340,000,000 years ago.^ Such 
numbers are quoted merely to give some measure of the ages in¬ 
volved, and should not be regarded as rigidly accurate. 

Intrusion. From time to time, as shown in the table' important 
)arth-movements have occurred, as a result of which fresh masses 
rf fused material (rock-magna) have been pushed up from the hot 
nterior of the ea^'tli into the sediments composing the crust. 
iVherever this “igVieous” material actually reached the .surface, 
it wSs poured forth us u lava-stream and cooled rapidly. Owing 

• 

' A. Holmes, Prne. Hon. Is [A]{1911), 269. Oiinpnre OHlhiiatcs of tlic 
ige of the crust by H. N. Kussell, Vroc. Hoy. Soc. 99 [AJ (1021)^ 84. 
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Main I'kIiiods of Gteoi^oc^ioal Time. 

Pro-Cambriau {ArcJtihan systeii^of oarth-rliovenien^|B at this 
time) 

f Cambrian 
Ofdovicinii 
j Silurian 

/ fc)fivoi*ian {( !ah’du)iiaii Hy.stem of aartli-irftvojnentB at this 
1 • limo) 

I Curbonifaij^jus 

I Permian {U< rojutan system uf cartlniiioveiuonte about 
\ this time) 

l' Trinssio ♦ 

I Jurassic 
' Crotacoous 


^JVrliiiry 


Jtocent 


{Trtiiiini systein ol' <‘!ir(liMnov(Miients at tliis 
(rtii*.*) 


Id tli(^ (tooling, tlic ■'vdlcanic rocks” procliiccd wci*' of a 

more, or less glassy character, '[’lie main portions of I he molten 
mass, however, hiiv(! generally failed to reach the surface, and hav(^ 
solidified tery slowly some way b(dow the surface of the crust; 
this slov. cooling gives rise to a crystalline typo of rock, of which 
gran lift is a familiar example. In many regions of the earth, vast 
raasse" of crystalline rock which originally hardened far below the 
surfae(. are now exposed, owing to the removal of the material 
above by the process of denudation. 

Befori! a more <letailed description of the dilli'rent types of 
rock is possible, some idea must be given of thi' composition of the 
magma, from wiiitdi directly or indirectly most of the materials of 
1h(^ present crust of the earth have been derivf'd. If we may judge 
from analyses of Ijie erystalline rocks which are accessible to us, 
the magma may he described as being ma(l(i up mainly of “ silicates 
of aluminium, iron, calcium, magnesium, potassium and sodium.” 
Silicates of these six metals, indeed, account for about hS-li pm' 
(amt. of the composition of visible igneous rocks ; all the otlwir 

known clemeiits can he regarded.for the moment- as nu^ns 

“ mi*ior (jonstituents.” It is (juito probable that th(( material 
composing the centre of the earth is of a different character- possibly 
(ionsisting of an iron-nickel alloy ; but th(( composition of th(^ 
material foi'ming Ihe central (ton^ of tlu^ earl-l) is not of great im¬ 
portance for our present purpose. • 

Silicate Minerals. silicates arc sails produced by, com- 
hinatioM of silica (SiO.) with iimtallic oxides in different proi^or- 
tions. '.I’hey are a very large family*, hut enii iit mo.st cases bo 
regarded as derived from one of tb.- t'ollnwincr silicic acids thmuerb 
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tlic rcplaof tiient of liydr<)^c;(^i) atotas by atoths }»f metals :— 

Tr, ‘Silicic ^acidl 2HiO..'(SiOj'or HjSijO,, giving trisilicates 
such as orthoelaac, KAlSijO,. 

Metasilfcic acid, H^O.SiO^ or H.SiOj, giving metasilicates 
such as enstatito, MgKiOj. 

V * » 

Orthosilicic acid, 2H,O.SjOj or HjiSiOj, giving orthosiii- 

' cates such as zircon, ZrSiO,. , * 


'i'he two last examples chosen are simple silicates which may 
contain only one metal. Orthoclase. on the »ther hand, is a double 
silicate, containing two metals, the potassium atom replacing one 
hydrogen atom of the HjRijO, molecule, and the trivalent alu¬ 
minium atom replacing the otlu'r three. Here the ])ota.ssium and 
aluminium atoms, having dilTercnt valencies, necessarily play 
different rnU'n in the crystal-structure of the orthocla.se, and are 
present always in the definite lyoportions r('|)resented by the 
formuia KAISi;,Oj. But in other cases we may find f.wo metals 
of the same valency in a mineral, their atoms sharing a single role 
in the frystal-structure, and in such eases a continuous series of 
mixed crystals is possible. Thus the metasilicates o? iron and 
magnesium, Hypersthene, BeSiOj, and Knstatite, MgSiO;,, are 
isomorphous, and it is possible to get mixed crystals (h’e,M")Si()a 
containing the two metals in any proportions. Such eases are very 
common, and eonse(|uently v(‘ry few of the naturally occurring 
silicates have anything like a constant composition. Not oidy 
can one metal replace another, but the atoms of silicon can 
be replaced partially by those of another tetravalent element, 
titanium, as in augite, which is shown in the table lielow. 

It would occupy many volumes to describe the silicates in detail. 
It is only possible here to give a very few exam])h’s of the commoner 
rock-forming silicates, and it will be convenient to arrange them as 
a series showing the gradual passage from highly siliceous (or acid) 
minerals to highly basic minerals. The list commences with pure 
silica, and ends -for the sak(' of completeness -with an oxide frec^ 
from silica. 


Name of Mineral. Composition. 

Quartz SiO. 

Orthoclaso Felspar KAIiSi 30 g 

Biotite Mica 1 K,H]2[Mg,FeJ2[AI.F(‘J,^(.Si(),);, | 

Augitt* riirti4Mg,Fo](Si()3)2-|- 

Ha^jioclase Felspar OiAUtSiO^),. 

[vHiiioty, Aiiort^iite) 

Diivino * i 

Magiiatith' F(‘-,(),, ^ 


OccurrenAi in H9cks. 

* Ocourrinti in acid 
J rorlcK, suftli as granite. 

Ocemring in inter- 
\ mediate roaku, snah as 
j -syrnitf. 

• Ofcurring in basic 
\ nx'ks, such lis gabbro. 
j Omirriiig in ultra- 

basic rocks, su(th as 
poridotitc. 
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Tlio nioltoii silicates lire miscible wil^h one Another atAigh tem- 
peratui'es, forming a single uniform liquid or “^#gma.” But, 
when such a mixturo solidifies, the rock formed wdl consist of a crys¬ 
talline aggregate of two or more dilTerent minerals, unyiss, of course, 
cooling is so quick as to cause the formation of a glass* The column 
on the right of tin* table indicates some of the roeki^in which the 

different minerals commonly ocem:. 

• . 

Consolidation of an Intrusive Mass. We must now consider 

what will happen when a mass of molten igneous I’ock is pushed up 
into the upper, and rtlatively cooler, jiortioy of the earth’s crust. 
The greater part of the molten rock will probably remain far below 
the surface, forming a .sort of “ magma-reservoir,” from which 
will be pushed out fingers through the. “ country rock ”—possibly 
a limestone, shale or sandstoni^ formed long before the intrusion 
took place. Wln'rever one of Ihe.se fingers reaches the surface, 



Oyke 

I'lc. 18 .—-I)ykf.'s. Willw, and Liiccolitos. 

a volcano Mil bejiroduced. The molten sti’eani whiidi escapes 
from the crater or fissure soon hardens to a glassy, or semi-glassy 
rock (lava), the cooling being too quick for complete cry.stalli- 
zation to take ])lace. Much of the molten rock forced upwards 
and outwards from the magma re.servoir ne\ ('r reaches the surface, 
and gi'eat sheets of it cool and solidity within the countr;' rock ; 
thcse.shceis, which arc often afterwards exposed to view whore 
the country rock has been removed by denudation, aie called sills 
where they have been forced between the beds of sediments, and 
dykes where they cut across the beds (see. h^g. 18). Sometimes 
the overlying strata have been pushed upwarcls at some point as a 
gigantic blister, allowing the formation of a dome-shaped mass of 
intrusive rock, which is known as a “ laccolite.” 

The solidification of molten rock fjives rise to.a'ennsideraMe 
amount of “ differentiation,” the composition of the solid rock 
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produced varying frdWi place to place,* Tlie ultra-basic minerals, 
which arc n<»i Jrery'SoluCle in the magma, .separate first. If the 
'■intrusioVi is a small^ono, i'.'e. a dyke,'we may e.xpect to find an excess 
of idtra-basiCj minoruls in the ])ai'f.s which cool first, namely at tin 
extreme edge of the intrusion. Consequently, the.'margin of such 
intrusions is n^sually distinctly more basic than the inbTior. How¬ 
ever, this type of marginal differentiation, althniigh of groat in¬ 
terest, is of little importance, except within speh intru.sions as dykes, 
where the opposing walls are comparatively close together. 

In the interior of any intrusive mass, apd especially in large 
deep-seated magma-rbservoira, segregation of the basic and acidic 
constituents apparently takes place in a rathiu’ different way.* 
As already mentioned, the more basic minerals separate first on 
cooling, but as a rule they are very much heavier than the acidic 
portions which still remain liquid, and siidc down towards the 
bottom, or in case there is no bottoni, toward.s the centre of the 
earth. The portions in the higher parts are thus left relatively 
acid, and when they .solidify on further cooling, form smih rocks- 
as granite. Since we naturally have more iqrportunity of seeing 
the higher parts of the intrusion than the lower ones, granite is a 
rock much more commonly met with than the basic crystalline 
rocks, which are usually produced deep down in tlu^ easl4. It 
should be noticed that the lava which is ejected from the volcancws 
in the early stage of an intrusion often represents the (iomposition 
of the magtna before this differentiation has taken place, and is 
therefore of intermediate composition. If lava is spurted out after 
differentiation has taken place it is of a more acid character (rhyo¬ 
lite) or a more basic character (basalt) according to the place in 
the magma-reservoir from which it has come. 

It is probabki that- in addition to the actual set'tling of the 
first formed crystals -another factor plays a great part in causing 
the separation of the acid and basic portions of the magma. If 
earth-movements such as would tend to force the magma upw'ardf 
into the crust continue during the process of solidification, they 
rvill squeeze out the still molten acidic portion which will ri.se into 
the crust, whilst a semi-solid “ mush,” having on the whole* dis¬ 
tinctly basic composition will remain below. It may happen that 
this basic segi'cgate may afterwards bo pushed upwards, po.ssibly 
into another part oif_lhe cnist, and may there become completely 

1 The physical choiAiatry of the differeiitiation (fractional crystallization' 
process in rock inagniu is well treated by d. H. L. Vogt, ./. (.Scol. 29 (1921). 
:J18, 426, 616, 627. 

4 Compare rtie views of N. L. Bowen, ,/. Oeol. 23 (1916), Supplement; 
27 (1919), 393 ; ifrul thoHc of A. ^darker, *' Natural History of Igneous Kooks ' 
(Methuen). 
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solid. Consequent!;^, Ve do find largj masses of basic ^crystalline 
rocks near the surface, although they are somewl^atMess common 
than acid crystalline rocks. Sometimc.s \vc find an igneous rock 
having an acid composition in its main part but cojitaining large 
streaks of ultra-basic composition ; this suggests tliat portions of 
the basic segregaijp may have become (uitangled iiijihc stream of 
lighter acid magma when the lattpr was being forced upwards into 
the jfresent position. . 

The existence of ultra-basic rocks is of some importance because 
certain important on^ are found in them. The mineral magnetite 
(FejOi) which has some value as a source of ifon, as well as the ores 
of platinum, chromium and—in some cases- nickel, are all found 
in highly basic rocks, being heavy substances only .slightly soluble 
in a silicat(; “ melt.” Platinunvand ehnimiura occur only in minute 
traces i)i the original )nagma, and if it wore not for the fact that 
they have become “ conoi ntrated ” in the ultra-basic rocks, their 
production on an industrial scale would be almost impossi*)le. 

It is. however, the final stages in the consolidation of an igneous 
intrusion wliicli are of special importance. Suppose, for instance, 
that the g/'eater poi'tion of an acid inlru.sion lues nearly completely 
solidified, forming a mass of solid granite, but tliat in the interior, 
a cod^ 3 lu amount of material still remains liquid. As the soUd 
^■anit( cools, it continues to .shrink and jio doubt cracks appear 
in it, ai'd also in the coimtry rock around. The shrinkage forces 
the still molten liquid from the interior through the crack.s in the 
granite out into the cracks which exist in the country rode. Now 
this matter which has remained liquid until the last will bo more 
acid than the granite itself, and, when it hardens in the cracks, 
it will form highly siliceous material, such as pegmatite (consisting 
of (piarla and fels)j,ar). Thus we find pegmatite veins and quart/, 
veins cutting through the igneous rock and extending into I he 
country rock aromid. 

Many of the rarer metals whicli existed only in minute amonnt.s 
in the original magma, and which therefore do not crystallize out 
during the main stages of the consolidation, become concentrated 
ih th« portions which remain liquid to the end, and these will be 
found in comparatively largo quantities in the pegmatite veins 
and quartz veins. Thus minerals containing molybdoiniin, tung¬ 
sten, thorium, the rare earths and other ejaments are found in 
pegmatite and quartz veins in amounts whidi render extraction 
profitable, although the same elements arc only present in njinute 
quantities in the mass of the intrusion. ^ ^ 

Amongst the othei’ minor constituents of tlio original rook- 
magma are certain substances such as carbon dioxide, hydrogen 
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sulphide aftd water, whic|i ^yould normally V gaseous at the tein- 
))orature in qfie^tion.'but which are kept in solution in the magma 
‘by tlu^ enormous pi;essur(^ existing iii the deiqier parts of the earth. 
The quantities^of these .substances in the original magma are only 
small, but they become concentrated in the last .solicfifying jiortions, 
and when the^c portions are being squeezed ou(t into the country ' 
rock, the dissolved substances jre liberated. (ltf..sc,s like carbon 
dioxide, accordingly, travel upwards through the country* ro(h 
until they reach the air ; other substances which are volatile at 
these tcmjieratures- mostly compounds of ,lluorine and boron- 
are liberated in gaseous form, l)ut as we shall see- usually become 
decompo.sed before they go far. iMost important of all, water, 
heavily ehargcrl with silica and other dissolved substances, is forced 
upwards from the igneous mass Uirough fissures in the country 
rocks ; it de])osits part of its burden of dissoKed substances on the 
way, and becomes cooler as it rises, lint it usually reaches the 
surface still quite warm and still containing sona^ diss<»!ved mitieral 
matter, and often gases sucli as carbon dioxide or hydrogen sul¬ 
phide. , This is the origin of “thermal springs.” 

Mineral Veins. 'I’hc dissolved matter cairicd oil' by'the w^aters 
leaving the igneous mass is largely silica, and much quartz is , 
deposited in the fissures up which the water passes, the«(juartz 
veins being merely the continuation of those formed by the solidi¬ 
fication of the extruded portions of the rock-niagna. Various 
other minerals arc also deposited in veins, for in.stancc, calcite, 
barytes and fluorite. In addition, certain compounds of metals 
which exist only in traces in the original magma, but which become 
concentrated in the last-solidified portions, are deposited in the 
vcims by the ascending waters. Some of these are the same as 
those mentioned as constituents of pegmatite ve'ins, c.g. compounds 
of tungsten and molybdenum. Others cfmsist of the sulphides 
of the familiar metals, iron, copper, silver, zinc, and lead. Gold is 
also found in quartz veins, but in the elementary state. It is neces¬ 
sary to lay emphasis npon the fact that in every case those valuable 
minerals, when found in veins, are invariably surrounded by large 
ijuantitics of worthless gangue minerals, such as quartz afid flUDrite. 

In the lower part of the veins, the ores of zinc, lead, copper, and 
silver commonly consist of the sulphide of these metals ; in the 
upper parts, the subsequent action of the air and moisture has 
usually converted the sulphides to sulphates, carbonates and some¬ 
times oxides. Often percolating waters of “ meteoric ” origin (duo 
to» rain falling upon the earth’s surface) dissolve the original 
‘ primary ” oAs at one pWnt, and then deposit them at other 
points, where some precipitating agent happens to exist; in this 



GEOCHEMISTRY 113 

« • 

way “ secondary ” orCjS are formed. It is n^it always fa^ fti practice 
to disthigiiish between the "•primary ” ,orcd duo to asgonding 
(thermal) waters, and the secondary oi’cs due to descending 
(meteoric) w'atejCS. 

. Besides leading to the formation of veins, tlie metalliferous 
waters also depoaittminerals in all sorts of cavities ii» the country 
roiik, which maj»«ho(toine “ imjiregnated with the metallic ores. 
'I’he waters often intera<.:t chemically with the rock itself, limestone 
being ])articularly susceptible to such interaction. Waters con¬ 
taining lead in solution frequently dissolve calcium carbonate 
(CaCOj), the main constituent of limestone, and deposit galena 
(PbK) at the very points from which the carbonate has been dis¬ 
solved. Th(^ chemical replacement of one mineral by another 
through the action of circulatingnvaters is known as “ mctasomatic 
replacement.'’ 

Pneumatolytic Action. Tl«e mineral veins produced by 
a.scending water arc found at consitlerable distaiu-cs fi'om the 
intrusive mass itself. Other ores which are found close to, or 
within, the intrusion seem to owe their origin to vapours gi\*en off 
during the last stage of consolidation. Amongst the volatile snh- 

, stances evolved, the com])ounds of boron and fluorine arc most 
important. These vapours are naturally very reactive and attack 
not oiuv the country rock, biit also the portions of tlu^ igneous 
mass wlijeli have solidified at an earlier stage. The main ores of tin 
have been iwoduced by " pneumatolytic’’ action of this kind. 
T’in has a volatile fluoride (SiiF,), which appeal's to have been given 
off freely during the last sfrage of the solidification of certain acid 
intrusions. By reaction of tin fluoride with water, or with the 
granite throi^gh which it has to pass, cassiterite (SnO.) is formed. 
'This mineral is found in veins and often, to a very imjiortant e.xtent, 
within the granite itself, which has become convei'ted near to the 
tin-veins to a rock called greissen. Cassitei-ite is nearly always 
acconqianicd by minerals containing boron or fluorine. Other 
minerals wbieh occur closely associated with boron and fluorine 
minerals, and which have clearly been formed, at least in part 
by the agency of vapour, include compounds of lithium, beryllium, 
and the rare earths. 

Contact Changes. Important minerals occasionally occur at 
the junction of the igneous mass and the country rock, which near 
the edge of the intrusive mass is so much changed by heat and 
pressure as to be almost unrecognizable. The main effect of*the 
“ metamorphism ” is to recrystallize ^he whole. Jjfmestone ft 
often baked to “ (rystallinc limestone ” or marble. The “ sills ” 
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and “ dyKes ” ^thrust out into the country rock cause metamor- 
phisni jit a 3owaidei%ble distance 4poni the main mass of igneous 
intrusion. In addition to the mere rccrystallization of the country 
rock, chomietfnnteraetion with the igneou.s matter itself somotimes 
occurs. For instance, it appears that, by interaction between a 
limestone ant’ an igneous magma, the magma/ absorbs lime and 
becomes relatively weak in silica. On differentiation this may give 
ris(' to “ sub-silicic ” roek.s containing mineKais w'hich do not^occur 
in ordinary igneous rocks. Thu.s the heavier portions may contain 
the miiKTal corundum (AUO„), whilst they lighter jKirtions may 
contain .such minerals as ne 2 )heline. rich m alkali metals and jtoor 
in silica.^ 

In cases wlicrc ore minerals are found at the junction of igneous 
and scrliinentary rocks, or in the aHered portion of the sedimentary 
rock surrounding the intrusion, the ores are generally referred to as 
*• contact deposits.” They are piost commonly irroduccd wluu'e 
impoltant intrusion.s cut limc.stonc, a rock which.is peculiarly 
susceptible to altcrathm. It is unlikely that all contact deposits arc 
formed in the same nay. Many are irrobably due to the action of 
vapours or magmatic water given off by the igneous mass upon the 
sedimentary rocks ; others may be due to recrystallization or 
dehydration through heat of minerals previously oxistinj^i tln^ 
sedimentary rock ; other so-called contact deposits may really 
be marginal segregations resulting from the differentiation of the 
igneous intrusion. Among the best known contact deposits of the 
world we may mention two ; firstly, the ” specular ” iron oxide 
of Elba, which occurs in limestone cut by granite and other eruptiv(! 
rocks ; secondly, the coi)per suljjhide ores of the Clifton-Morenci 
district, Arizona, found in the altered ” aureole ” caused by the 
intrusion of quartz-monzonitc into lirnestonf,. Many writers in¬ 
clude the faniou.s lead-zinc-silver ores of Broken Hill, Australia, 
and the copjier sulphide ores of Huelva, Spain, within the term 
” contact deposits.” Since, however, there is no .sharj) distinction 
between “ contact dejiosits ” and ores formed by pneumatolytic 
or hydrothermal action, it is not surprising to find that ores which 
are classed by some geologists as duo to contact action arc Designed 
a different mode of origin by other writers. 

The Relative Age of the different Accessible Ores. Several 
times in the geolo^al history of the world have immense earth- 
movements, acconlpanied by intrusion, taken place ; each of these 
everds has caused some valuable series of ores. The most recent 

' For this^ejQplanation of t^e origin of the "alkaline rocks," aee R. A. 
])aly, " igneous Rocks and their Origin " (McGraw-Hill). Also R. A. J)aly, 
J. (kol 26 (1918), 97. 



oeo-cSemistry iir. 

• • • ' m 

of tlieso upli(‘a\ als t(jok pJaoe in the tii't^iry age, #iul e!hused the 
formation of the main )nouiitaiil hinges, sugli as'the Alps anc^Hima- 
layas, wJikh exist in the world to-day. Although already the 
forces of demidjtion have begun to reduce the origiial height of 
.these comparatively modern mountains, yet the denudation is 
in the early sta_gos find consequently only the ores of fuetals which 
are produced by»4hcrmat waters eomparatively near tho sutfaee 
arc met with in conne»tion with the earth-movements of tertiary 
limes. Tho ores of jnercury, for instance, which arc deposited 
quite close to the earth's surface, arc at presjfuit met with almo.st 
only in flic areas alfeeted by these tertiary mountain-building 
movements, although the actual rocks in which they arc deposited 
are in general much okh'i'; no doubt, mercury oris were produced 
in connection with the earth-nmvements which occurred earlier 
in the history of the earth, but the.se have been removed by de¬ 
nudation. On the other hand, tjjo.se ores which are produced deej) 
down in the crust close to the intrusive mass itself, are m*ainly 
associated with early systems of earth-folding. Those oi'cs of tin 
which are of the, greatest economic importance to-day, are cmmectcd 
with earth-movements of the Hercynian (post-carboniferous) 
system i no doubt, ores of tin may occur deep down in the areas 
alfeetc'' by more recent movement (o.g. in the Alp.s), but the forces 
of Jenu lation hav'c not yet caused these ores to become exposed 
to view, or even rendered them accessible to the miner.^ 

In general, the occurrence of ores is only to be expected in areas 
which have been affected by important earth-movements, and their 
distribution throughout the countries of the world is curiously 
uneven. The scries of rich ores of gold, silver, copper, /.inc, lead, 
tin, tungsten, antimony, mercury, andothei' metals which are found 
in a circle around the l.’acific, occurring in Chili, Peru, Mexico, 
Sierra Nevada, the Pocky Mountains, Alaska, .lapan, the Malay 
States, and Australia, and differing con.siderably in age amongst 
them.selvcs, owe their origin to tho earth-movements which have 
recurred from time to time in this area. The most recent of these 
movements has produced the ring of giant mountain ranges which 
encircl6*the Pacilio, and has caused the vast outpourings of lava from 
numerous volcanoes ; in many parts of tho Pacific circle (for in¬ 
stance in tho Andes) the volcanoes are still active. But tho im¬ 
portant after-effect of the various carth-movomdlrts and intrusions 
which have occurred at different times has bccn\,hc production of 
tho ores just mentioned. A rough map is given on page. 117 
which serves to show tho places around the Pacific ivhere riclii 
ores are found. 

' VV. (Jrogopy, Tran.s. (Uie7n. Soc. 121 7r»0. 
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Geo-chfeniic?l Classification of Metals., Before leaving the 
subject,of inlrnsive ina-sties it is i:i5i(ve.ni(oit to classify tlic nictals 
according to their .})lace in tlie magmatic differentiation 

(1) Metals Ifpund in ultra-basic rocks and in, the ultra-ba.sic 
])ortioiis of intrusive masses in which differentiation has occurred., 
Chromium, jitatinum metals, and probably nic’jiel. 

(2) Common Metals found iu the body of the intrusive^ mass 
(in order, those occurring in tlie more basic portions being shown 
first). Iron, magnesium, aluminium, calcium, sodium, potassium. 

(3) Metals found ,in the ultra-acid secretion in pegmatite 
veins, etc., either cutting the intrusion or in country rock around 
it; or produced liy piKuimatolytic action (then accompanied by 
boron and fluorine minerals), 'I’in, zirconium, thorium, cerium, 
rare eartlis, lithium, beryllium, umbiiim, tantalum, molybdenum, 
tung.sten, uranium, and gold. 

(4) Metals found in mineral veins, oi' leplaccment d((poHits 
produfsed by thermal wat(M's usually some way above Vhe intrusive 
ma3.s (the lowest are shown first). Copper, silver, lead, ziiu^ 
mercujy. 

Sedimentary Rocks. It is now po.ssible to consider very 
briefly the mode of formation of ditfermit sedimentary rocks, 'riie 
material carried by the rivers into the .sea was in the early*Tiays of 
the earth’s history derived from the original crust : as a result, 
the original crust ((uickly became eaten away, and at the present 
day, there is—according to most geologists—nothing remaining of 
it. Consequently, all the materials carried away by our modern 
rivers must be dcrivaal from intru.si\'e crystalline rocks, or glas.sy 
volcanic rocks, or from sedimentary rocks laid dow n at some earlier 
]>eriod. . 

Consider the action of water, in th(! preseiffa! of carbon dio.xide 
and possibly organic acids, on a crystalline rock such as granite 
or gabbro, consisting of silicates and perhaps free silica. The more 
attackable silicate minerals are likely to suffer a slow chemical 
change yielding soluble salts, which will be removed in solution 
by the water ; the eating away of these minerals is likely to cause 
the rock-mass to .soften and break up, and the other—less changed 
—constituents are liable to be carried off by the water in mechanical 
suspension. 

The silicates riefi'in sodium, potassium, calcium and magnesium 
will probably give rise to carbonates or bicarbonates of these metals, 
whitih will pass down to the sea in solution, On the other hand, 
ftee silica isf comparatively unattacked and passes down, in mechani¬ 
cal suspension, as “ sand particles.” The silicate of aluminium is 
to some extent attacked by the water, but is converted mainly 
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Map showing Regions round the Pacific Ocean where Rich Ores are found. 
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mto insolliblo )’.ydratecl ^>x}dos or silicates ; , soinetiinos these are 
left boljind where at the jwsition (»f-the crystalline rock as deposits 
of bauxite, latcrite, or similar material ; generally, however, most 
of the silioat# .minerals rich in aluminium are removed—in a more 
or less altered condition—as fine “ clay particles,” which arc 
carried dowA in mechanical suspension by thd rivers to the sea. 
The silicates of iron are also to«a considerable ettent attacked by 
water, especially if organic acids, derived from peat or some* other 
source, are present. The ferrous salts of the acids in question are 
soluble, but in the presence of air they are oi'idizod and ferric oxide 
is thrown down. Sometimes ilii.s change occur.s at the origin, 
the “ weathered ” rocks being stained I'cd or brown with iron : in 
other cases, most of the iron is carried oil into the rivers and often 
much of it reaches the sea, wheroferric oxide is mainly dejrosited 
along with the other suspended matter. FeiTugino\is sandstones 
have, no doubt, in many eases beep formed in this way ; if the iron 
eonteht is high, they may constitute siliceous ores<'of iron. If, 
however, tlu' riv<‘r passes througli a lake ou the way to the sea. 
hydrated ferric oxide is likely to bo dropped in the eom|(arativelv 
still waters of the lake : the well-known deposits of *' Lake Iron 
(Jre ” originate in this way, 

[u eases where a mlime.nhtrii rock ciomes under the i(*duence 
of the forces of deuudatiou. the nature of the process iiaturatly 
depends on the character of the rorik. biruestono is attacked 
chemically by water containing earfxm dioxide, being carried away 
in solution as a soluble bicarbonate. Sandstone and shale, on the 
other hand, are nnshanieally disintegrated, and the resulting 
particles are borne away in suspension, 

A certain amount of suspended matter may be dropped by the 
river before the water reaches the sea, as foj; instance xvdiere the 
speed of the water suddeidy diminishes. Such river-deposits lia\e 
occasionally a considerabh^ importance, because if thi^ ]>roducls 
of erosion of a crystalline rock should contain grains of the juecious 
metals, such as gold or [datinnm, these heavy grains will be among 
the first to .sink. 'I’he well-known rich placer deposits of gold 
or platinum always ociair in the vall(\ys of streams which risoramdng 
rocks containing the metals in (|ne.stion. Mven wlnui the parent 
rock contains .so little of lh<^ piax'lous element that it wouhl not be 
profitable to crush it, the placer d(q)osits formed are often of extreme 
value. Heavy mfnerals (smtaining tin are also foumi in river- 
deppsits of a similar cdiaracder. 

^ When th® river reaches the sea, th(^ velocity of the water decreases 
quickly, and the whole of tlie suspended matter is dropped. Natur¬ 
ally, the coarser silica settles most quickly, being deposited close 



119 


GEO-dHEMISTftY 

• 

to tho shore as Hand,^which, if subsoquentjy tLo is raised to 

form fresh land, will become •consolidated into sanSstone. The 
finer silicates are carried farther out to sea an,d there sint to the 
bottom, formiiig a deposit, which will finally beconnj clay, shale, 
or—if very hi^i pressure comes to be applied to it^slate. 

'File caloiuny mSgnesinra, potassium and sodium s»lts which are 
carried down tcwthc sea in soluthm, are, of course, not deposited 
on tlio sea-bottom. .Various marine creatures, however, ^nuld 
their hard parts out of calcium carbonate, and in that way most 
of tho calcium is removed from tho sea almost as quickly as it is 
supplied. It is from tho hard parts of such creatures—coral, 
calcareous spongo.s, foraminifera and various shells-fish— that tho 
important rock known as limestone is foianed. By tho inter¬ 
action of calcium carbonate—either at the time of the formation 
of the limestone, or afterwards-—with solul)le ferrous salts, a great 
deal of foi'rous carbonate may be formed in limestone ; such beds 
may constit.ite valuable ores of iron. • 

Tho remaining soluble .salts continue to accumulat(! indelinitely 
in the sea. From iime to time, howevmr, it Imppens that a portion 
of the S('a gets cut oil from the rest and eoirnnences 1o evaporate. 
When this occurs, the water will finally beiamic sujtersaturated with 
regard to the dissolved salts, which one hy one will he. precipitated 
;ts cry. talline crusts, Salt deposits are still in the (murse of forma¬ 
tion in tile Dead Sea Valky. Many of the important deposits of 
soluble crystalline salts which ar(^ mined in dilhwent parts of the 
world occur in rocks of the “ Permian ” and '■ Triassic ” ages, 
rocks which are known from independent evidences—to have been 
formed under dry, desert conditions ; for tlu^ red sandstone of the 
same age consists of grains having a form ipiile unlike that of water¬ 
borne sand, being qf a rounded form, as indeed is always tho case 
with the wind-blown sand of desm-t regions, Th<^ salt deposits 
'of (Cheshire are of this age. Beds of solubk' magnesinm salts also 
occur in the Triassic formation. 

Amongst Ihi- most important deposits of soluble salts occur¬ 
ring in the IVrmian and Trias.sic .systems ;ire those of Stassfnrt 
(Gerntnny). Resides rock salt (Naf'l). Kiescrite (MgSOj.H.O), 
and Anhydrite ((’aSO.,), we find here In-ds of Carnallite 
(KCl.MgClj.tiHoO), which con.stitute one of the main sources of 
the world’s srqqdy of potassium. 
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mto insolliblo )’.ydratecl ^>x}dos or silicates ; , soinetiinos these are 
left boljind where at the jwsition (»f-the crystalline rock as deposits 
of bauxite, latcrite, or similar material ; generally, however, most 
of the silioat# .minerals rich in aluminium are removed—in a more 
or less altered condition—as fine “ clay particles,” which arc 
carried dowA in mechanical suspension by thd rivers to the sea. 
The silicates of iron are also to«a considerable ettent attacked by 
water, especially if organic acids, derived from peat or some* other 
source, are present. The ferrous salts of the acids in question are 
soluble, but in the presence of air they are oi'idizod and ferric oxide 
is thrown down. Sometimes ilii.s change occur.s at the origin, 
the “ weathered ” rocks being stained I'cd or brown with iron : in 
other cases, most of the iron is carried oil into the rivers and often 
much of it reaches the sea, wheroferric oxide is mainly dejrosited 
along with the other suspended matter. FeiTugino\is sandstones 
have, no doubt, in many eases beep formed in this way ; if the iron 
eonteht is high, they may constitute siliceous ores<'of iron. If, 
however, tlu' riv<‘r passes througli a lake ou the way to the sea. 
hydrated ferric oxide is likely to bo dropped in the eom|(arativelv 
still waters of the lake : the well-known deposits of *' Lake Iron 
(Jre ” originate in this way, 

[u eases where a mlime.nhtrii rock ciomes under the i(*duence 
of the forces of deuudatiou. the nature of the process iiaturatly 
depends on the character of the rorik. biruestono is attacked 
chemically by water containing earfxm dioxide, being carried away 
in solution as a soluble bicarbonate. Sandstone and shale, on the 
other hand, are nnshanieally disintegrated, and the resulting 
particles are borne away in suspension, 

A certain amount of suspended matter may be dropped by the 
river before the water reaches the sea, as foj; instance xvdiere the 
speed of the water suddeidy diminishes. Such river-deposits lia\e 
occasionally a considerabh^ importance, because if thi^ ]>roducls 
of erosion of a crystalline rock should contain grains of the juecious 
metals, such as gold or [datinnm, these heavy grains will be among 
the first to .sink. 'I’he well-known rich placer deposits of gold 
or platinum always ociair in the vall(\ys of streams which risoramdng 
rocks containing the metals in (|ne.stion. Mven wlnui the parent 
rock contains .so little of lh<^ piax'lous element that it wouhl not be 
profitable to crush it, the placer d(q)osits formed are often of extreme 
value. Heavy mfnerals (smtaining tin are also foumi in river- 
deppsits of a similar cdiaracder. 

^ When th® river reaches the sea, th(^ velocity of the water decreases 
quickly, and the whole of tlie suspended matter is dropped. Natur¬ 
ally, the coarser silica settles most quickly, being deposited close 
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passing (lownwarcls botwoeu them must;n^ocssarily^ecortie ground. 
Among the eommonest forms plant for grimling ttf fine powder, 
however, are the “ball mills'” and “ tube, mills,” ot which 
then! are innum(!rat)le forms ; the mill consists in m^irly all cases 
of a cylinder of iron or steel which is mounted witfi its axis hori- 
'zontal, and which<s kept rfivolving about this axis, ^he material 
to be gi-outid is placed in the cyliiuler, along with a number of .steel 
balls *or flint pebbles .which servo to crush the material as tlu! 
(■ylind(!r rotates. 

Sizing. No form ^if crushing or grinding, however, gives a 
material of uniform size, and, .siiuio the fine matirial will call for a 
method of metallurgical treatment e.sscntially different from that 
suitable for the eoar.se material, the mixture must periodically 
be passed through some form (if sievi! or screen having openings 
of appropriate size, which will .serve to separate the coarse from 
the line particles, A sh;d(ing ^notion is often imparted to the 
screen by ifteans of machinery, so as to encourage the smaller 
particles to fall through the holes. I’otary sieves, known as 
'■ trommels^'’ are \ ery usefid; they are \isually of cylindrical 
form, and are mounted so as to revolve continuously about a 
nearly horizontal axis. 

For the sizing of the liner j)ortions of gi-ound ores, the rate of 
sffiking of tin' ]iarlicles in water is utilized. If the finely ground 
ore ts stiiTcd with water in a tank, and allow(!d to stand, the com¬ 
paratively coarse' particles or *' sands ” will soon .sink to the bottom, 
whilst the majority of the very small ]>ar(icles will remain for .some 
time in snspcr\sion. as “ slimes,” The separation into sands and 
slimes is, however, not entirely a ((uestion of .size ; the sinking 
velocity of particle depends not oidy on the size, but also on the 
specilie gravity ; anJ, since the valuable on! minerals have usually 
a higher sj)ecitii! gravity than the gangue-material, an ore particle 
of an intermediate size may enter the sands where a gangue-particle 
of the same .size would enter the .slimes. Thus the methods of 
“classification" into sands and slime.s based on the velocity of 
settling is not jmrely a sizing jirocess, and may in some ore.s bring 
ab'out at coftain amount of “ concentration.” Continuous methods 
of classification of gi'ound ore into sands and .slimes are largely 
used. One of these is d('.scrib(!d in the se(!tion on copper (Vol. IV). 

Concentration. .Vfter the crushing and thy .sc]iarntion of the 
coarse, medium and fine portions, it is possible to proiieed to the 
“ concentration ” proper of each of these port ions. • 

Any process which aims at the separation of t\j'o*substance#, 
must bo based upon some definite difffireuce of properties. The 
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partial so})aratpn of gaipgue or rocky matoijal from the motallic 

compounds, which ho call concorrtration, usually depends on the 
, fact that the valuable minerals differ from the ganguo either in 

t 

(1) appdaVanoe (hand picking processes), • 

(2) specific gravity (gravity separation pfoccsscs), ' 

(3) adhesive force, connected with differences in intorhuiial 

• energy (flotation processes), » 

(4) magnetic properties (magnetic separation processes), 

or (5) melting-point (liquation processes). 

The concentration-processes depending on these five differences in 
properties will be indicated in turn :— 

(1) Hand Picking. A number of men or women are employed 
to pick out from a heap of coarsely crushed material those pieces 
of ore which appear to be rich in ])recious minerals ; they roly 
mainlv on the general appe/imnce<>{ the ))ieees. Obviously such a 
separation is laborious, and, as a rule, far from compKete. 

(2) Gravity Separation ' has long been used for the concen¬ 
tration of gold, which is a far heavier substance than the siliceous 
matter with which it is associated. When the early Californian 
gold-digger, taking a quantity of gold-bearing sand and water in 
Ids pan, swirled out the light sand, whilst I'ctaining the heaj-y 
particles of gold in the vessel, ho rias making use of the dilfercnce 
in gravity. And the somewhat more elaborates system of sluicn- 
t)oxes, which were installed later in tlic saiiu! region, merely repre¬ 
sents a more odicient method of utilizing tlm sami' jirineiple. 

Gravity separation is of great importainse in (Ins concentration 
of the ores of copper, tin, lead and zinc, and indeed of most other 
heavy metals. The form of plant used variess sieesordirtg to the size 
of the crushed ore to Ise treated. 

For particles above -,',1 inch in diametei'. a jig is usually employed 
(Fig. 19). This is a rectangular vessel divided into f.wn compart¬ 
ments which oonnminicatc with one another at the bottom. It is 
tilled with water, and in one compartment, a plunger A moves u]) 
and down, thus alternately lowering and raising the jeve^of the 
water in the second compartnusnt. This second compartment is 
provided with a horizontal sieves 15, upon which is plaised a “ bed ” 
consisting of eoarsp pieces of rock. The, suspension of crushed 
ore and water is alfowod to flow eoutimiously into this compart¬ 
ment at C, above the bed, and the lighter (worthless) coastituents, 
which are kept in suspension by the up and down ” motion of the 

' bee R. H. Bichas'ls. " Or*Dressing ” (publiRfu’d liy the and 

Mining Journal). 
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water, are drawn off continuously witli^tln! overflow, *0, at this 
other end. The lieavy and vaKiable eonstituljnts siilk in spite of 
the motion of the water, and areVithen- drawn off.through a cfiseharge 
opening (R) arnvnged at a low level (i.e. just above tijc l)ed) or -in 
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anotlier fonn of jig pass down tlirough the sieve, being drawn off 
lielow. 

for ra tirr less eoai'se inateriul (''sands”) the Wilflcy’table, 
or .some otlii i- foian of shaking table, i.s employed. 'I’he Wilfley 
I table (Fig. 2d) has a flat surface, covered by thin strips of wood, 



or I'ifflcs, arranged lengthwise. It. i.s .set at a sljght inclination, the 
side AB being the higher ; mechanism is also provided ’^hich 
imparts jerking motion to the table, raising the eijd BC. T|ie 
pulp of ore and water is introduced frcmi K and tends to flow over 
the table, and out over the low end CD. The heavier (and more 
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valuable) yarticjles, howo^vc^, got eaught behind the rilHes, and are 
gradually mSdo to 'tvork along b»hind the rifHos by the jerking 
iiupartiy to the ta\^le, until they are diseharged into the tro>igh H, 
whilst the lighter jjartieles are washed over the rifHos by water 
introdueed at'F, and pass out separately along the lower end^. 
into 0. i •' 

For still finer material (" sliiuos ") a shaking .table would fail 
to retain even the heaviest particles, and a vanner is preferably 
employed. A typicuU vanner (Fig, 21) consists of an endless rubber 
belt moving over rollers, and arranged on a slight incline so that 
on the up])er side, it*is continually travelling upwards. The pulp 
of ore and water is fed on to the Irelt at A. The heavier material 
at once sinks and comes into good contact with the rubber ; it is 
consequently carried upnards by.the motion of the belt, and is 
removed at the upper end 15. The lighter particles remain sus¬ 
pended. however, and are washed downwards by the water which 
overflwws at the bottom of the belt- or, in another fomn of vanner. 
over the side. The whole sy.stem of belt ami rollers is mounted 


• - 

Taihnp 
wa-yheti 
off here 

Fu;. 21. - pFiiii iplu ol' tfif \';mii(“f'. 

in such a way that it is shaken me(diani(sdly during the o])eration ; 
the shaking .serves to keep the lighter ])artieles in su.spension. 

(;i) Flotation.' 'I'his is a most useful profess for the concen¬ 
tration of the ores of lead, r.inc, and copix’r, and indeed for sulphide 
ores generally. It depends on the fact that the sulphides of the 
heavy metals show a different " adlu'sive fotaa- ” towards certain 
liquids from that .shown by the accompanying rock-material. There 
are numerous variations of t he process, b\it usmdly the orqis l^fought 
into a finely-divided state and made into a pulp w ith water ; small 
quantities of certain oils an^ added and the whole is rai.ved together 
under such conditions that bubbles of air are introduced into the 
mixture, yielding a,'froth ' or foam. ’ 'I'lu^ jiroduction of the 
air bubbles is effected in dilfereid- ways in dilferent tlolation plants. 
In the “ Mineral separations ” [dant, the mi.xture is churned 
• • 

^ T. .f. Itoovit, " (.ViiKM'iitrihin;/ Otes l.y t'iotatiim ” (putilislied by the 
Mininr/ M(igaziiu'). 
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up wit'll rapidly rotating jiaddics so that ajr is suckttd iu Ry vortox- 
aot'ion. In tin- Callow plant, atr is forocd inth tho imxturo under 
pressure by means of a blower, through the porous bottom of the 
tank in which ^le pulp is contained. In the Elmorp process the 
.^lixture is sucked up into an evacuated chamber, so that the air 
which was preyiorfsly dissolved in the water njjpeai'R as bubbles 
owing^to the redaction of pressim'. 

The oil added fornis«a thin interiuediate film separating the air 
bubbles from the, water. If the oil has been suitably chosen, it 
will be found that the •aluabki sulphide mineijrls remain supported, 
clinging to the thin films which form the walls of the bubbles or 
foam-cells, whilst most of the worthless silicates sink to the bottom. 
Thus, if the foam or froth is separated from the coni])aratively clear 
liquid below, a ^'cry considcrabk- degree of concentration wall be 
brought about. 

'I’be success of the process deijjaids mainly on the suitable choice 
of the oils ; +he. addition must be adjusted so that as far as phssible 
all the valuable sulphides cling to the foam whilst the gangue 
particles are not attracted. The substances added are 'usually 
classified as 

I (a) Frothe.rs, such as pine oil, which favour the production of 
the froth ; 

and (h; ','oUectors, such as coal tar, which favour the adhesion of 
the minerals to the froth. 

iSome forms of crude })ine tar contain suliieient of both cla.s.ses. 
It' is generally a.ssiimed that a thin film of oil must be formed around 
the suliihide ]iarticles before they can attach themselves to the 
oil-lilms surrounding the bubbles of the froth. In certain cases, 
acid is addfd to the water used in llotatiou, a factor which 
a])pears generally to favour adhesion of the sulphides to the 
froth. 

The theory of flotation is now fairly well understood.* It can 
easily be shown ■ that, if two immiscible liipiids, A and ,B, are 
shaken up with a powdery substance X, and are afterw'ards allow'ed 
to sep^'atjf into two layers, then 

(0 if <t|ix ^+ T\ie i i**' powdt'*' " ill collect in the 
luluid A ; 

(ii) if (r„x + n^,,, the powder wOl collect in the 

liquid B ; * 

• 

* F. G. Mohi>s, /*;>»(/. iMln. J. H (1921), 7. A sliglilly (liffei'|int standixi^t 
in adopted by I. Langmuir, Trans. Faraday 15 (1920]k bi> 02. 

^ W. Rcindej-s, KvH. Ze/itsch. 13 (1919), 295. Coiu]>iut‘ F. JL Hofmann. 
Zeitsrh. Phys. Phem. 83 (1919), 9H5. 



126 ■' INTRODUdTION' * ■ 

and (iii) if« iTju }i> +, '^,. 1 . or again, if no oik^ of the three 

* ‘ vuhies (T,,,, and is greater 

' . than the sum of the oilier two, 

j the powder will ^collect at the 

interface of A and B. 

* (a roprcsentli the interfacial 
(Miergy between two suhstanees 
suftixed). . 

In eomiiiereial flotation practice, A represents the watery ])has(' 
(containing tlie wuler«solul)le constituents of the oils added),B repri'- 
sents the oily phase, which is itself distributed in thin films around 
the air-bubbles, The additions of oil and, if necessary, acid must 
be so adjusteil that, when X rejiresents a worthless silicate par¬ 
ticle, condition (i) holds good, but when X repre,sents a valuable 
sulphide particle, either condition (ii) or condition (iii) holds good. 
In this adjustment, those constit.ients of the crude oils which 
dissolve in the water, and which alter tin' values of the interfacial 
tension between the water and the mineral, jirobably play as im¬ 
portant a part as the oily constituents proper. > 

Of course in practice the conditions which make for successful 
flotation have been arrived at empirically, as the result of experi¬ 
ence, and not been calculated from the values of interfacial tensioip 
which, in many cases, has never been measured. 

(4) Magnetic Separation.' Many minerals diflVr greatly in 
magnetic properties from the rocky substances which occur witli 
them. The most magnetic mineral found in nature is magnetite, 
but many other iron minerals become convf'rted in part to mag¬ 
netite, and thus acquire highly magnetic properties, if the crude 
ore is roasted. Magnetic methods have been used for'concentrat- 
ing certain iron ores, but they ari^ used much more for freeing 
tin-ores from certain minerals like wolfram and copper pyrites, 
which are either magnetic or become magnetic on roasting. 

Many forms of magnetic separators have been devised, more than 
one type being designed by Wcthcrill. In one of the best-knowm 
types (shown diagrammatically in Fig. 22) the finely crusW“d ore 
is charged at H on to an endless travelling Ixflt, A, which eon- 
veys it below the north pole of an electro-magnet Mi; the magnet 
raises the more niagpetic particles from the first belt, and brings 
them into contact with the lower side of a .second belt, B, travelhng 
at right-angles. This belt moves them away to the .side, and, when 
they ‘get out of range of the magnetic field, the particles drop 
off into a recapticle. Oft%n a second and more powerful magnet 
^ (J. 0. Gmitlier, " Kleotro-inagnetic Oro Soparation ” {Hill Publishing (-o.). 
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Mj, provided with a second belt C, is iijstalleci to lift aud remove 
those feebly magnetic particles which are not lifted bj' Mj. 

(5) Liquation. Sometimes the valuable mineral is consider¬ 
ably more fusibl^', than the ganguc, or vice versa. StiLlnito (SbjSs), 
•the commonest ore of antimony, is much more easily melted than 
the substanoesv with which it is associated. If, tlfcrefore, the 
jjrodujt from th« mine is heated in a scries of pots having holes 
in their bottoms, the stibnite melts and runs out through the holes, 
leaving the worthless material behind. C’onsidcrable concentra¬ 
tion is thus brought aHout, but the process is,wasteful. 

The separation of valuable from valueless material by any of 
tbe .above-mentioned jirocessc.s is, of course, far from eomph'te, 
e\cn if the i)roeess lie repeated several limes. 'I'liey sen e, however. 



Section 

►'h;. -2.- of (lie Scjuinilor. 


lo bring np tbe eonlenj. of the metal (o a valni> winch inahes it 
po.ssible for the metallurgy jiroper to commence. Some ores 
notably those of iron - are rich enongli to pass to the smelter 
without preliminary concentration. 

MetiiJlpfgical Operations. Metallurgy may bo described as 
tho technical preparation of metals in the elemental condition. 
It has already been stated that the majority of metals occur as 
sulphides. In one very common .system of metallurgy, the sulphide 
is first converted to an oxide by roasting, tlrnt’ |ti by heating under 
such conditions that the oxygen of the air has constant access 
to the charge. The reaction may be expressed by the follofling 
general equation (in which M reprc.senlj a typical yielal)• 
MS + :10 MO -b SO.J 
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The oxidt^is th>ii " rcdufcd ” to the metallie^ condition l)y licating 
with coal, co*Kc, oc tairljon monoxide - 

■ iMO + C -M + (’() 

I . or MO + CO M + CO, , 

Where tla^metal exists in nature as an oxide (ir carhonate roast-' 
ing is not necessary, but the ore must nevertheless be “ (siloined ” 
or strongly Jiented in order to drive of! water aiuf carbon diojiide. 

In the case of suljihide ores, an alternative treatment, known 
as “ roast-reaction,” is possible. The ore is partly roasted .so 
as to change part o^-the sulphide to oxide, which is then hoatcil 
mori! strongly with unchanged sulphide, so as to yield the metal : 
the reaction may be expressed thus: -- 

MS-4-;iO , MO + SO-, 

.MS -p 2.MO :!M -p SO, 

Indeed, in certain eases, it is possKile to burn oil' the suljihur from 
a molten .sulphide in a single ojieration, simjily by forcing a blast 
of air through it, or over the surface. Tlu^ heat of combu.stion 
of tin? sulphur helps to maintain the temperature, ;»'id thus to 
economize fuel. Even under these circumstances, it i.s quite likely 
that the change really takes place in the two stages indicated aliove ; 
but it can be exjircssed conveniently by the single simple equa¬ 
tion - 

MS -P O, M + SO, 

Slags. Of great importance in any smelting |)roce.ss is the 
character of the slag obtained. The slag rcju’esents, essentially, 
the rocky constituents of the ore in a molten condition, and consists 
therefore mainly of a mixture of silicates. .\t very high tempera¬ 
tures, it is a moderately mobile litjuid, but, as the temperature 
drops, it becomes viscous and (lasty, hardening at a still lovv'cr 
range to a glassy or semi-glassy mass. Since silicate mixtures (or 
slag) are practically immi.scibic with .sul))hido mixt ures (“ matte ”), 
and with molten metals, the slag always forms a separate phase, 
floating on the top of the matte or metal. 

The consistency of the slag at a given temperature di^w.ids veTy 
much on its composition ; if it i.s too acid or too ba.sic it bectmies 
stiff, and may even “ freeze,” and block the furnace. In order to 
obtain a con.sistonoy suited for the furnace operation, it is often 
necessary to add ct'nstituents which will alter the character of the 
slagj For instance, calcium carbonate may be added as a flux to 
i^ake a higljly siliceous slag more basic, and hence more fusible. 

In many processes, the s^ag enters largely into the metallurgical 
reactions, and in such cases its composition must be carefully main- 
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tained within the correct limits. For iiistancr', in the manufacture 
of steel, it is possible by using aiuitable slag to'remov^ most of the 
phosphorus from the metal. The phosphorus, is t)xidizetl, and 
enters the slag as a phosphate. For this purpose a^slag having 
,a distinctly basic character is required, the free basic oxide being 
needed to combinf^ with the acidic oxide of pho.sph.fl-us (PjO,). 
A highly siliceous .slag is useless for removing pivosphorus. 

Types of Furnaces.* The typo of furnace suitable for a metal¬ 
lurgical process depends not merely on the nature of the process, 
but on the physical ijiiaracter of the raw ipaterial. If the ore 
comes up for treatment in large lumps, the process can often be 
carried out with advantage in a blast-furnace (Fig. 23a). A)re 
and fuel are fed into the furnace at the top, whilst the air required 
to burn the fuel is forced in at a considerable pressure at the bottom, 
and travels upwards through the mass ; metal and slag are tapped 
through tw'o holes below'. , 

A large prtqiortion of the ore, however, comes up for treatment 
in a rather line state of division ; the majority of the " concen¬ 
trates " pryduced by the methods de.scribed above are als» of a 
fine character. If more than a .small amount of “ fines ” are in¬ 
cluded in the blast-furnace charge, the shaft of the furnace will 
b(!eom<' blocked, or, alternatively, the tines will be blown out of the 
filrnai i- by the jiressure of the blast. In the ease of some materials, 
it is po -ible to east the lines into briquettes, or, by sintering, to 
convert them to nodules, which may be treated like the himp ore. 

ticuerally, however, it is best to treat the finer ores by a different 
process to the lump ore. In such eases, the reverberatory furnace 
(Fig. 23n) gives better results ; it is also used in some cases for 
lump ore. 'J’be fuel is burnt in the “ grate ” of the furnace, and the 
flame of hot gas thus, produced is defieetcfl downwards by the rot)f 
on to the ore-mixture, placed on the ‘ hearth,” In the more 
ree(mtly designed reverberatory furnaces, we meet with a general 
tendency for the hearth to become longer and longer'; the extra 
length allows the hot ga.ses to give up a greater proportion of their 
heat to the charg(x and an eeotiomy of fuel is effected. Fig. 23c 
shows a“teng-hearth furnace. For many purposes, however, the 
shorC-hearth furnace is still necessary, especially where the charge 
has to be kept at a very high temperature. 

In many reverberatory furnaces, coal is still employed as the 
fuel. Those used for steel-making arc almost invariably fired with 
producer-gas, whilst the long reverberatories employed in America 
for the smelting of copper are often fired by the injection of coaj- 
dust or oil at one end; in such furndees,. the “ ^rate ” can bo 
omitted. 

M.O.—VOL. I, K 
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If the ^urnarse is req^ired merely for routing or the caloini; 
of ores without actual fusion, ground space is saved by roplaci: 
one long hearth by a series of short hearths one ai)ovo the oth( 
In the mukiDle-hearth roaster shown in Fig. ^d, the fine o 

enters at the centre of the top hearth and is worked towards tl 

() 



^B) (I) (2) (3) 

(E) 



A) Blast furnacf*. (B) Sliort liparth rpVMb.Tat.nry fnman*. (C) Jxiuu 
furnace. {!>) MnlMpli- heartli roaHter. {!■;) T'otivcrtcr. 


nearin reverberatory 


)dgc by means ot .rabbles fixed to a rotating arm ; at the edge 
t drops to the hbarth below whore it is rabbled inwards to the 
iei^tre. Here it drops to the third hearth, and thus it traverses all 
he hearths in turn, finally emerging in a roasted condition from 
he lowest Ifcarth. Theehot roasting gases are provided by an 
lutside fireplace and traverse the roaster in the opposite direction. 
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As the charge is continually being turned oyer and sfared^up by the 
rabbles, the gases come into efieetual contact ^ith all parts of the 
ore. Where a rich sulphide ore is being roasted, the heat* of the 
oxidation of th(^sulphur is often sufficient to keep tlie/emperature 
.jit the required level; in such a case no outside fireplace is needed. 

Special types of furnaces are needed in cases where i/is desirable 
that the charge shcwld not come into direct oontact.with the heating 
gases. Such charges may bo placed in closed muffles, retort’s or 
crucibles, round the outside of which play the dames. As it is 
clearly necessary- - owing to the imperfect conductivity of the 
retort-material- 4o maintain a higher temperature outside the 
retort or inuffie than i.s required inside, this form of heating is a 
wasteful one. For that reason, attempts have bcim made to raise 
the temperature of the charge elactricallj^ and so to dispense with 
lieating gases, whilst allowing the heat to be generated in, or clo.se 
to, the charge itself. “ Electrj-thermal processes,” as they 
are called, will be de.scril)od in connection with iron and*steel 
(Vol. Ill) and zinc (Vol. IV). Tlicsc processes, which introduce 
many problems of their own, are most likely to be succe.ssful where 
electrical energy can be j-aised from water power. Where the 
(doctrical energy has (o be obtained indirectly from the combustion 
of coal, by means of an engine and a dynamo, lo.sscs of energy 
nCeest.irily occur. 

Anol.'ier special type of furnace which may be mentioned here is 
the converter. It is used only for those processes in which an 
easily oxidizablc clement is “ burnt off ” by passing air through 
■ -or over the surface of—the molten material, the addition of car- 
bonaceo\!s fuel being unnecessary owing to the heat given out by 
the reaction.^ The converter is not usually employed for the direct 
treatment of ores, but is utilized, in two important cases, to work 
lip materials obtained ,by ])rcvious processes. One ca.so is the 
l■emoval of carbon and silicon from cast iron, in the Bes.semer 
jiroce.ss of .steel-making. 'The other is the reino\al of iron and 
sulphur from cnjiper matte (a mixture of copper and iron sulphides) 
in order to obtain blister-copjier. 

The corrrtrter (Fig. 23 e) is usually a pear-shaped vessel, .supported 
at thb centre, and is capable of being swung into position (1) for 
filling. It is then swung into position (2) and air is blown in through 
tuyeres in the bottom or at the side of the converter until the droop¬ 
ing of the (lame, shows that the objectionable eleifient is eliminated, 
after which the converter i.s tipped into position (3) to pour the 
finished metal out. , ^ 

A word must be added about the lilting of furnaces. In the 
blast-furnace there is a considerable mechanical wear upon the 
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sides, carfsed l/y the rujtbing of the descendhig charge. Tlie fire¬ 
brick lining of the blast-furnaeo used foi' pig-iron productioi: 
requires occasional renewal. For the smelting of copper and lead 
ores, a “ ws^tqr-jacketted ” blast-furnace is often employed. Hen 
the structure has two walls of metal one inside the other, the spacj 
between tlie walls being lilled with cooling wafer. As a result, a 
layer of solidified ore freezes O/ver the interior- surface, and con¬ 
stitutes the true lining of the furnace. The wear upon the meta 
walls in thus greatly reduced. 

In other types of ^furnace the chief facton which eau.scs the lining 
to wear away is the chemical action of the slag. The material usc( 
for the lining must be chosen according to the slag obtained in th( 
process. A basic lining would react with an acid slag ; an acic 
lining with a basic slag. In stoel-making in particular, a slag is 
essential which possesses either marked basic or marked acid })ro- 
perties ; if an acid slag is employed then the lining must bo acid 
if a ‘basic slag, then the lining must be basic. Acad linings an 
usually made of silica in the form of sand, or sandstone : basi( 
linings consist of calcined magnesite or dohuuite. 

Cold Extraction of Metals. It has already been remarkei 
that the frirnaee-trcatment of “ tines " jiri'scnts many difficulties 
In such cases it is often worth n hik^ to consider whether it wouk 
not he more profitable to c.xtract- the valuable constituents In 
“ leaching ” with an a(|iieous e.xtractaiit at a low temperature 
Leaching may sometimes j)rovc remunerative with low gradi 
ores or tailings which are not worth treating in other ways. Thi 
extractants which hav(^ been employed arc potassium cyanidi 
and sodium cyanide, (for gold), sodium chloride, cyanide or thio 
sulphate (for silver), sulphuric acid (for copper a,>id zinc) an( 
ammonia (for copper). If the metallic (m'.npounds contained ii 
the ore are not directly soluble in one of these reagents, tlu^ on 
is first roasted. The roasting converts sulphides to sulphates am 
oxide.s. In the so-called “oxidized ores,” which are cspeciall’ 
suited for wet treatment, this conversion has already been brough 
about by the forces of nature. In certain cases, sulphide ores an 
roasted with sodium chloride, which converts the sulphides ti 
chlorides. 

Whether roasted or not, the finely divkkal ore is treated witl 
one of the extradtants mentioned above in a series of “ leachini 
vessels.” Assuming that sulphuric acid is the extractant chosen 
it cvill act upon the oxide, producing a soluble sulphate, thus :— 

MO -- MSO 4 -f H,0 

When the .solution pa,s.scs out from the last vessel of the series 
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it is usually taken to electrolytic cells, where an elcotwc current 

is passed through it, the free metel being deposited upoi? the cathode 
and oxygen eliminated at the anode :— , * 

•MSO, + H,0 ^ M + 0 + H,S(), • * 

Since the origiyal extractant—in this case sulphuric^ acid—is to a 
consic^erablc exteite regenerated, fciio liquid can generally bo used 
again for the treatment of further quantities of ores. Sometimes, 
however, the metal is liberated - not by an electric current—but 
liy means of another less valuable metal; in si^h cases, the solution 
is usually of no further vahu', for the extractant is not regenerated. 
Metallic copi)er can be liberated from a sulpliate solution, for 
instance, by means of scrap iron, the iron snlphate produced being 
generally thrown away :—■ • 

('\iSO,| f he : KeSOj + Cii. 

• 

Preparatfbn of Compounds. Besides the elemental ntetals, 
there arc many metallic compounds which are of technical import¬ 
ance. In t^c case, of easily reducible metals, such as lead, tluse arc 
commonly prepared from the metal itself. Where the reduction 
of the metal proceeds with dilliculty, as in the case of aluminium 
or of sodium, the u.seful compounds are prepai’cd from the natural 
source of the, metal by processes which do not involve an inter¬ 
mediate |)assagc to the metallic condition. 




PART I 


THE STUDY OF THE METALLIC STATE 
(METALLOGRAPHY) 

OHAPJKH T 

'I'HK S'I’RUCl'UKE P)F SIMPLP: METALIS A8 THEY 
SOLIDIl'^Y FROM 'fHE FU8ED STATE . 

Jt' is gODci'ally recognized tliat Uie striictiin^ of metal \vhich lias 
solidified frtim tlic molten state is erystallim^ in character. Since, 
however, a mass of cast metal diller.s so .strikingly from what i.s 
usually regarded as a typical crystal, it is neees.sary to consider in 
what sense the word “ crystalline ’’ is apjilied to metals. 

Wh( 11 a single crystal of sodium chloride is grown from a .super¬ 
saturated salt solution, a more or less perfect geometrical form is 
obtained- usually a cube. If, instead of a single crystal, a large 
number of smaller crystals arc deposited, tliese will also approxi¬ 
mate to the cubic form ; but, rihere two dilTcrent crystals have 
grown into contact with one another, the free development is 
necessarily Stopped at the points of contact, and the cubic form 
of each individual is*to that extent modilied. 

Freedom of growth Is evidently a necessary condition for the 
development of the perfect geometrical form. But the external 
form is believed to be only the outward .sign of the regular awange- 
ment of atoms throughout the whole crystal. Presumably, the 
ordered,,arrangmnent of atoms will persist oven when, owing to 
lack»of space, theexiernal form has ceased to be regular. If, for 
iirstance, we fuse a quantity of sodium chloride in a vessel and 
allow it Id solidify, the whole, mass takes the external forjii of the 
vessel. There is, at first sight, no sign of atiy.special geometrical 
structure, but if the mass is broken up and examined under the 
miscroscope, evidence may be obtained for regarding the whrfle as 
an aggregate of small crystals. 

In the same sense, a metal casting is a crystalline aggregate. 
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Although.the e.xternal form is merely that of‘the mould—the casting 
would be ofLo use if it i^ere otherwise—the study of a section shows 
it to bo composed of numerous crystal-grains, each of which possesses 
every property of the crystalline state except that of characteristic 
geometrical form. 

The Preparation of a Micro-section. The preparation of a 
section is therefore necessary before a study ofc the structup of a 
piece of metal is possible. Working details of the process must 
be sought elscwhei-e '; only a rough .sketch of the operation can 
here be given. The metal is sawn across r^t the point where the 
internal structure is to be examined and a specimen about 1 cm. 
square and about J cm. thick is cut out. The face to be examined 
is then made approximately flat by gi'inding with a file, or, in 
cases where this would cause a i)eriaancnt alteration to the structure, 
with emery. If the metal is too hard to be sawn, a sledge-hammer 
must be used to break off a piccy, which is then ground flat with 
emerj or carborundum. ' 

Having obtained a comparatively flat surface, it is necessary 
to coRtinue the grinding with French emery jiapcr, using first a 
comparatively coarse variety, but gi’adually increasing the fine¬ 
ness of the emery employed until tb(> surface apjfears to be smooth 
and brilliant. It i.s then ready for polishing, which is best per¬ 
formed with a wet cloth mounted on a revolving disc. A suitable 
polishing powder should be used on the cloth, fine alumina or rouge 
(ferric oxide) being the most satisfactory. “ Olobe Polish ” on 
“ Solvyt ” cloth is useful for jjolishing the softer alloys. 

Polishing is an essentially different process from the grinding 
with emery. The action of the emery is one of cutting, and causes 
a series of minute parallel grooves upon the surface, 'Pho fine 
emery removes the striations eausi'd througb,tho previous rubbing 
with coarse emery simply by wearing dowp, or cutting across, the 
ridges that .separate the grooves. But, however fine the last emery 
paper to be used may be, a series of striations will always be left, 
although it may require a microscope to see them. The polishing 
operation removes these last fine striations by causing material 
to flow down from the ridges into the grooves, and "the whole 
surface becomes absolutely smooth. The theory of the jioliilhing 
proce.ss, which may be desei'ibed as a proce.ss of “ smearing.” is 
dealt with more fully in the iKvxt chapter. 

The polished sefction has now to be etched in order that the 
structure may become evident under the microscope. Generally 
t|ie specimep is simply immersed in a suitable .solution ; occasion- 


^ C. H. Descli, “ Metallography,” Chap. VII (Longmans, (Jroen & Co.}. 
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ally geiille rubbing during otchuig may b(^ advisably; in one 
method—now seldom* employedr the opAations of jlblishing and 
etching are combined. Various' corrosive substances are dsed for 

etching different metalsA as shown below - 

• • 

For iron anc^ steel: picric acid (alcoholic), nitric^cid, cupric 
ammonium chloride, ammonium persulphate, hydrochloric 
, acid. • * • _ 

Eor copper and aHoys : nitric acid, ferric chloride, ammonia, 
bromine, ammonium persulphate, cupric ammonium chloride. 
For nickel and alleys : ammonium persulphate, ferric chloride, 
chromic acid, hydrochloric acid. 

For tin, lead, antimony, bismuth and alloys : hydrochloric 
acid, ferric chloride, nitric acid, .silver nitrate. 

For zinc, cadmium and alloys*: sodium hydroxide, iodine, nitric 
acid, chromic acid, hydrochloric acid. 

For aluminium and alloy.sj sodium hydroxide, hydrofluoric 
acid,*liydrochlorio acid. 

For gold and platinum : iicpia regia (a mixture of nitric and 
hydgKshloric acids). * 

For silver : nitric acid. 

Occasioiiidly it is convesiient to etch a section electrolytically, by 
makii.sr it the iinode in a suitable solution such as citric acid, am¬ 
monium molybdate or s(jdium chloride, and passing a small current 
through the solution.- 

It may hcr(' Ix' mentioned that, whilst for simple metals the object 
of etching is merely to dis])lay the internal structure of the metal, 
for alloys—in which the composition varies at different points 
of the section - the object may be to produce a different colour 
upon the different components so as to enable the observer to dis¬ 
tinguish between them. If this is desired, the (‘telling agent must 
be carefully chosen, if a steel containing phosphorus is treated 
with a solution of (iopper chloride containing hydrochloric acid and 
magnesium chloride, the purer portions of the steel become coated 
with copper, whilst the parts containing phosphorus are com¬ 
parative!^ unaffected. The differential colouring of the surface 
of ai» alloy is also sometimes carried out by the method of “ heat¬ 
tinting,” which although not. strictly sjwaking, a process of 
etching, may be referred to at this point.-' ^f steel containing 
[ihospboruM is be.'ded to .‘{OO" tt in air, t he surfciee as a whole bc- 

^ (). F. HnU.soii. ./. Met. 13 (1915), 1911. ,1. Czoe.hralski, Staftl ii. 
Kimn, 35 {191.5), 1199. 

= F. .\dcoc.k, ./. Iv.^l. Met. 26 (1921), 301. • 

* tSee also J. Stoad, .J. Inst. Met. 11 (1914), 135. 
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comes rediJish-trown, owing to the formation* of a thin film of oxide ; 
but the parts richest in*phosphoijis have a 'distinctly blue colour. 
For other purposes, tinting may* be carried out by exposure to 
sulphurettec^ hydrogen gas, which develops a film of sulphide on 
certain parts of the metal, or by exposure to bromine vapour. 

Examination of a Micro-section. The etched section may 
now be examined under the miorosoope. A common form of the 
apparatus is shown diagrammatically in Fig. 24.^ Light from the 
source A is directed by the condenser B, through the adjustable 
aperture D, and striking the glass plate E«is reflected downwards 
through the lens F, on to the specimen G, which is mounted upon 
the stage H of the microscope M ; in this 
way tlie surface to bo examined is illumin¬ 
ated by Uglit falling on it vertically- a 
condition which is generally desired for the 
study of a section. The lenses IjJ constitutes 
the objective of the microscope, the eye¬ 
piece being J. When the observer’s eye is 
placed above J, he sees the illuminated 
specimen G greatly magnified. 


'■f 



2t. ’I'iiG ol ji St'cfion. 


In ordi'r to obtain good delinition it is essential thaV the surface 
under examination .should be exactly at rigfit angles to tlu^ optii^ 
axis of the microscope, and various devices have been introduced 
to facilitate the adjustment of the specimen in the desired position.® 
It is also generally advisable to introduce a coloured screen in the 
path of the light, say at C, sinc(^ even the most carefully corrected 
lenses do not always bring rays of diff(irent wave-lengthsJo a focus 
at exactly the same point; a green screen is generally employed. 

When it is desired to photogiaph a section, instead of merely 
to study its struetpre, the camera attachment K must be added. 

' For lurtlior details of motallurgical micr(jac,o[M‘.s, seo J. 1 i. (J. Monyjxamy, 
Trans, Faraday Soc. 15 (1920), i. 140. VV. Hoseuhain, Trans. Faraday Hoc. 
16 (1920), i. 128. L. Aitcliison and F. .ttkinsou, Trans. Faraday Hoc. 16 
1*920), i. 159. C. H. Desoh, Trans. Faraday Soc. 16 (1920), i. 1.15. H. M. 
Sayers, Trans. Faraday Hoc. 10 (1920), i. lOti. 

• See for instance W. Rosenhain, J. Inst. Met. 13 (1915), 160. 
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which allows the magnified image of the section tg fall, on tb the 
photographic plate L, which Jifter expfisure* is developed and 
printed. For the mioro-photo^aphy of metallic section*, some 
workers prefer a horizontal microscope to a vertical iijstrument. 

, Appearance a Micro-section. i Fig. A of the frontispiece 
shows the typical structure of a cast metal. It is a i^icro-photo- 
grapl^of a section of cadmium which has been etched with a mixture 
of chromic and nitric acids. The metal will be seen to con.silst of 
small polygonal grains, separated from one another by sharp 
boundary lines which»are smooth but 
in many ca.ses somewhat curved. 

Other metals show a similar granular 
structure, although in some cases the 
boundaries of the grain.s may be less 
regular, h'ig. C show's the boundaries 
separating three large grahis o^ lead, 
whilst Fig. F shows the granular struc¬ 
ture of annealed cupro-nickel. 

It will be noticed in Fig. A that 
some of tlu! grains apjiear light and 
others dark. 'I'his is not duo to any 
real dilhwenee between the natural 
colour of different grains, for if we 
were t<, allow the light to strike the 
surface at a difTcrent angle, the grains 
which now look dark would become 
light, Avhilst those which arc now 
light would appear dark. 

If a section of this kind is care¬ 
fully examined in microscope of 
still higher pow(U', the reason why 
some grains appear light and others 

ilark becomes evident.^ It will be fouiul that the action of the 
rt(diing solution has produced, not a general wear upon the sur¬ 
face, but a series of well-defined parallel facets upon each grain, 
iilf of which reflect the light in the same direction (see Fig. 2")). 
rh(^Tact that the surface has been (airroded more in some directions 
than in others affords evidence that the atoms in eacdi grain are 
viTayed in a definite, orientation, that is to sjty, that, tlu^ grain is 
srystalline. iSince the facets remain ])arallel Ihtougluait one grain, 
■evidently the, orientation of atoms is the same throughout the whoh? 
)f that grain '; in other words, each grain re])n‘sent.s^onc cryshat. 

* Seo .T. A. Kwing, J. Itist. M^. 8 (1912), • * 

^ J. E. Stead, J. Iron Steel Inst 53 (1898), 145, especially pages 174-176. 
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Whef-o w(vi)!iss,froii *onc grain to another, htjwevor, the iiielination 
of the facet# to the-surf^ce changes- Thus one grain (e.g. grain C) 
may r(<lect light up the microscope tube, and appear light, whilst 
its neighbours reflect light in other directions and so remain dark. 

If we consicler for a moment the conditions under which the 
molten me>al has solidified, a reason for the granular structure 
will become app,jirent. Suppose that a mass of hot molten metal 
is allowed to cool down slowly and uniformly. As soon as ft falls 
below the melting-point , the metal may be said to be “ super-cooled,” 
and is in a condition to crystallize if nucltj are provided. When 
the temperature ha.? sunk .some degrees below the melting-point, 
the super-cooling is such that nuclei appear .spontaneously ; that 
is to say, at various points within the liquid, groups of atoms com¬ 
mence to array themselves in th^ stable crystal-arrangement, and 
the minute crystals so produced eontimie 
to grow out in all directions. Now, if 
(he coolrtig has been slow iU'.d the tem¬ 
perature is uniform, the nuclei will be 
distributi'd fairly uniformly throughout 
the body of th(^ metal. Suftposing, in 
Fig. 2(1, that nuclei appear in a mass of 
metal at the points 1), r, rf, e, and/, and 
ca-ystallization sju'eads out in all direc¬ 
tions from thcs(! point.s, until the solid 
metal produced by crystallization from 
one point meets that produced by crys¬ 
tallization from another. Evidently 
when the whole metal is solid, the 
structure will con.sist of numerous minute grains each of which 
has grown out from a separate nucleus; and, if the'nuclei have 
been distributed in a fairly uniform manner throughout the mass 
of metat- which .should be the ease if th'e temperature was uni¬ 
form throughout the mass iluring cooling—all the grains should 
he of the same sort of size. J5ut, whereas the rows of atoms con- 
dituting the grain A, which has been formed by crystallization 
ipreading from the nucleus a, will be orientated in onujdirection, 
he atoms-of the grain H, which has grown out from the nuolMi.s b, 
vill have a quite diirer(mt orientation. This is .shown particularly 
veil by an actual inica-o-photograph of .stressed lead (Fig. C of tins 
rontispi(!ce). Thoi serii-s of ])arallel dark lines ( ' slip bands ”), 
he natur*^ of which will be di.scu.ssed in the next chapter, afford 
in indication of the direction of the natural rows of atoms in each 
ifystal. It' uiill be noticed that the direction is quite different 
n each of the three grains shown in the micro-section. 



Fui. 26.—Kquiaxed Poly¬ 
gonal Structuro of a 
Metal whicli has crys- 
tullizeil from uniformly 
(iistribiitutl Nuclei. 
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The theory of erystallization from .ni^clei exphiins,» therefore, 
very satisfactorily the formatioii«f)f the granulai' structure of slowly 
cooled metals. 'I’he theory may be tested by iipplying it td a case 
where polygoiiii^ structure is not observed. Suj)po.sjnj| that liquid 
.jnetal is allowed t^ cool quickly in a metallic mould, which readily 
conducts away^the heat. In stich a ca.s(!, the temper^urc of the 
mass is never uniform. The outer portion, in aontact with the 
mould, will fall below 4he melting-point whilst the interior Ls'still 
many do'greos above it. Evidently all the nuclei will be produced 
at or very near the* surface of 
the mould (P’ig. 27 (a) ), Growth 
will eommoTice from the nuclei 
a, b, c, d and c. in all directions, 
but in the direction parallel t« 
the surface of the mould, the solid 
formed by crystallization ^rom a. 
will soon flieet with the soli5 
formed by crystallization from h, 
and in this^direction growth must 
soon cease. On the other hand, 
in till' direction jicrpcndicular 
to the surface, the crystals can e.x- 
tend dmost indetinitely without 
meetin;;: any others. Therefore, 
in a case of this kind, long thin 
crystallites will be formed. In 
fact, ingots of steel, cast from a 
high temperature, may consist al¬ 
most entirely of long thin cryst als 
perpendkiular to tlu^ walls ; the 
(u-ystals extend from either .side 
into the centre of the ingot, and 
only cease where they meet with 
similar crystals which have grown out from one of the other walls, 
or from the bottom of the mould, as show n in Fig. 27 (b).^ On the 
other hand, where the steel is poured into the mould at a lower 
tem^ieraturc, the interior portions may pass below the melting-point 
before the whole is solid. Consequently nuclei are formed in the 
centre of the mass, and the central part of ^he ingot consists of 
the ordinary polygonal grains having nearly equal development in 
all directions (“ equiaxed structure”), whilst the outer portions 
consist of the long thin crystals perpendicular to the sjirface. * This 
state of affairs is shown in Pig. 27 (c). • • 

‘ A. W. and H. Bioarloy, •/. Iron Steel 94 (191(1). 1117. 





Km;. :!7.— iStrucluro produced nl 
tfie Walls of a Mould. 
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Some i(tea of'the aver^ge.si^e of the grains which make up a metal 
must be given. Iil metals of high melting-point, cast under con¬ 
ditions* which favour the production of an cquiaxed structure, the 
size is often4,bj!tweon 0-1 and O'Ol mm. diameter. ,It is sometimes 
stated that the quicker a metal is cooled, the siqaller the grain-sizji 
will he, anJ this is very generally true. Usually the effect of cool¬ 
ing a metal rapidly below the inrtting-point is to cause the formation 
of aVery large number of nuclei before there is time for the crystal 
growing from one nucleus to meet that growing from another; in 
consequence the gra^ins will have a very small size. ]5ut the rule 
just given is not of universal application because any increase in 
the degree of super cooling not only causes an increa.sii in the rate 
of production of the nuclei, but also affects the velocity of the 
growth of the cry.stal.s e.xtending from those nuclei.^ 

Certain metals of low melting-point, which naturally cool down 
more slowly in casting than me|als whose melting-point is very 
high,'are commonly met with in grains of quite lafgc size; an 
example is lead, in which crystals having an area of 1 to 4 sq. 
inches are easy to ju'oduce. 

Abnormal .shapes and sizes always occur close to a cooling surface. 
The structure of steel ingots with long thin crystals perpendicular 
to the sides has already been described ; lu're wo may meet with 
crystals many inches long. 'I'he beautiful radial structure ob¬ 
served in an ordinary stick of cast zinc, which is visible when the 
stick is broken across, is an example of the .same effect on a smaller 
scale ; the crystals extend from the circumference to the centre 
of the stick. 

The crystallization of metals in thin layers is often favourable 
for the formation of grains of visible size. If, in a thin layer, the 
number of nuclei per unit volume is the sanjic as in a thick mass, 
the number per unit urea will evidently be greatly reduced ; llu> 
fimensions of the grains produced should therefore be increascaJ. 
fn the thin layer of zinc on the surface of galvanized iron (produced 
by the old “ hot ” process) the large grains are extremely con¬ 
spicuous. 

Thd Form of the Growing Crystals. The boundary separat- 
ng two polygonal grains represents, of course, the surface along 
vhich the crystals growing from two different centres have met. 
The form of the grains produced is said to be allotriomorphic, 
reing determined by the mutual interference of the different 
crystals, and it affords absolutely no indication of the shape pos- 
*88ed by tke small crystals during their free growth before they 

’ »Seo (i. Tummann, “ Lehrbuch der Motallographie ” (Voss), 1914 edition, 
lages 16, 17. 
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meet one another. The granular outljne may often happeh to 
approximate to that oi a regular^quare or hexagon, but this must 
not be looked upon as in any way connected wij.h the well-'knomi 
geometrical forijis shown, for instance, by frecly-groyjing crystals 

a salt, nor is the^hape of the grains any sign of the crystal-system 
to which the metal belongs. As a matter of fact, if (fhe growth 
from the various imclei had taken •place with equjl velocity in all 
directions (the freely-growing crystals being thus a series of hon- 
stantly expanding spheres), the grains produced when the cry.stalli- 
zation was complete wwild have had the forms of polygons bounded 
by absolutely straight edges.' 

Two kinds of observation, however, afford information of the 
shape a.ssumed by the crystal during its growth. 'I’he Hrst concerns 
the patterns produced upon the ti’ci! upper surface of a solidifying 
mass of metal.- When molteji metal is cooling, it contracts, al¬ 
though in certain metals (c.g, antimony and bismuth) the actual 
proces.s of Solidification is a(a;ompanied by an expansion. If 
cry.stallization commences at the free surface of a metal, the grow¬ 
ing crystallites appear in relief at the surface, whilst the pewtion 
which is .still liquid continues to recede. When the whole has 
become .solid, we still see a ])attern in slight I’elief upon the surface, 
representing the shape of the early-formed crystals. 'I'lius we are 
able t( study at leisure the shape assumed by the crystals during 
the early stagi's of growth, 'Phis .study makes it a|)parent that 
crystallization from the centres has not .spread out in simple geo¬ 
metrical forms, such as cubes or octahedra, hut that curious 
branched skeleton-crystals have lieen produced. Often the skele¬ 
ton-crystals have, a peculiar resemblaniie to the form.s of plants 
and trees, and are spoken of as “ dendritic growths.” Those 
that cover the surfaee^of aluminium are sometimes fern-like, whilst 
at other times tlnyy recall the appearance of a lettuce-leaf. 'Phe 
crystal-skekfions of (cadmium (a metal which crystallizes in the 
hexagonal system) have eoinmonly the form of a six-rayed star, 
and a particularly perfect s])ecimen is shown in Fig. R of the frontis- 
jfiece, a micro-photograph of part of the surface of a cadmium 
ingot. Dendritic markings are especially con.s]ncuous on the 
surface of (nire antimony, and are known as the " star of anti¬ 
mony.” 

If we grind away the surface layer, and tljpn polish and etch 
the metal just below it, we find the ordinary granular structure. 
There is no sign of fern-pattern, lettuce-leaves or stars within the 
etched metal; the contrast between Figs. A and B of ^the frontis^ 

' O. A. F. llencilicks, ./. Ind. Mefi22 (1919), 204. 

W. Campbell, MataUunjiv, 4 801, 826. 
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piece, which represent resppectively the section and the surface 
of the sara5 metal,' cadmium, is #^ry striking. IVesumably when 
the ddidritic gro.wths from the different centres in the interior 
of the met^l meet one another, and can grow outwards no more, 
the liquid crystallizes between the fronds, connecting them to, 
gether, an^ destroying all traces of the original dendritic shape. 
At the surface, thi.s “ fiUing-in ’i process cannot.occur, owin^to the 
liqifid portion having receded downwards ;• and hero the dendritic 
pattern will survive. 

In certain cases it is possible to watch the development of a 
crystal skeleton, if lead (a metal crystallizing in the cubic system) 
is melted in a flat iron dish and allowed to solidify slowly, a very 
striking effect is [)roduced.* One or more arms shoot out from the 
place wherq crystallization starts, gradually 
spreading over the molten metal. Then at 
intervals along these arms, others appear at 
right angles to them, and from 4he.se grow a 
third set parallel to the tirst; then a fourth 
set strike out at I'ieht angles to the third. 
Tins jn'oeess continues indelinitcly, causing 
the gradual filling in of the space between^ 
the earlier arms. Th(‘ growth of each indi¬ 
vidual crystal jiroceeds until arrested by 
meeting the sides of the tlish or, alterna¬ 
tively, another crystal. The outline of the 
growing crystal is suggested in Fig. 28. 

Nevertheless, it ajipears somewhat unwise 
to draw conclusions as to the events within 
the interior of a mass from the phenomena at 
the surface. Fortunately, there is an entirely 
independent means of knowing that crystalline growth in the in¬ 
terior is of a dendritic character. In the solidification of certain 
alloys, such a.s brass, bronze and cupro-nickcl, the composition of 
the first portion to crystallize is often somewhat different from 
that of the last portion. If a section of such an alloy is treated 
with,a suitable etching agent, it is possible to distinguish the 'first 
portion from the last. It is easy then to see that the outline of 
the first-formed crystals is dendritic, as is shown in Fig. E of 
the frontispiece, section of a copper-nickel alloy (cupro-nickel).‘'‘ 
Had the metal been a simple one, all evidence of the original 

C. W. Humfroy, F/ui. Trans. 200 [AJ (1903), 226. 

*' “ C'onipatb Adcock, J. Inst, Met. 26 (1921), 301. See also the examples 
of " cored " bronzes and brtsses given by O. Smalley, J. Noc. Chem. Ind. 
37 (1918), 191 T. 



Fig. 28.—Dendritic 
Drowth produced 
on the Surface of 
Metal. 



• • 


STRUCTUEE 0? SIMPLE METALS 


dendritic structure wquld have vaiiisMbd, ^hen the •sp|ce between 
the fronds was filled in. T 

The fact that the atoms throughout a polygonal grain hJve one 
orientation sho^vs that the whole of the dendritij ^owth that 
.^tarts from one nucleus is really a single crystal. It ^nay seem 
strange that so complicated an outline should result from so simple 
an internal structnn'. Tlie production of deiidi'itic forms in 
solidifying metals can, however, he explained in the following wayA 
iSupjiose that tlie first mimiti' crystal produced from the super¬ 
cooled liquid metal ‘was a ^ 0 ___^ 

perfect cube (Fig. 2!)a), and ' 
imagine it to grow slightly by 

the solidifica tion of fresh metal _ _ 

upon it; this solidification • ^ ^ 

causes evolution of heat, and 
will raise the layer of liquid ^ 

all round the surface of the * 

(!ube to the melting-point. 

Crystallizatmn will then stop, _ /~^ / 

and can only continue when ] - [ 

a fresh (quantity of the super¬ 
cooled liquid ca)i reach the 

erystaUino surface' by “ con- ^^ / k 

v(‘ctioi, ' or, alternatively, Ly Vj 

when the comparatively hot (t’> (D) 

layer just outside the crystal t'lc, 2!).- (.'rysfal Skeletons proiluceil 
. r 1 i 1 tiv aecclcnited tJruwth at ttio cor- 

can give up some of its heat by 

“ conduction ” to the cooler 

liquid round^ about it. Both the proce.sses occur mo.st easily at 
the corners of the cube, where the solid is surrounded, a,s it were, 
on three sides Ity liqujd ; therefore, crystallization occurs more 
readily at the corners than at any other place, as shown in Fig. 
29b. As the diagonal iixcs arc elongated, the conditions become 
even less favourable for crystallization at points other than the 
corners, and thus the diagonals grow out farther as shown in Fig. 
29<? and d. In such a way the crystal skeletons- are produced. 

It Tnay be mentioned here that dendritic forms are met with 
under special circumstances, in tho crystallization from solution 
of salts, which normally crystallize in well-viarked geometrical 
.shapes, The dendritic habit is commonly ohtaihed when a colloid 
i.s added to tho solution,- Tlie explanation is similar to that g^ven 

^ K. Vngol, Zeitsch. Anorg. Chem. 116 (1921), 21. Soe also T). Lefimani?, 
" Molekufar Physik ” (Engelmann), pages 085,*327, 337. 

® .T. H. Bowman, ./. Soc. Chein, Inti. 25 (1006), 143. 
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for tne ajfpparAnce of d.(?ndrftic growth in metals. When a cub: 
crystal of sodium chloride is plated in a supersaturated solutio 
free from colloids, the natural diffusion will keep the concentri 
tion of the<so>ution in contact with the crystal high enough t 
allow deposition on all parts of the faces; •the cubic form i 
therefore maintained. If, however, a little gum arable is addc 
to the solution, the latter bedomes viscous ."iid the diffusion : 
retarded. In conseipience, the crystallizativm ocenrs more readil 
at the corners than elsewhere, and a skeleton form is graduall 
produced. , > 

Familiar examples of this fascinating form of crystal growth ar 
provided by the fro.st patterns upon our window-panes, and by tb 
shapes observed in snow erystals when they arc examined tlircng 
a lens. 

Determination of the Crystal System in which a Meta 
crystallizes. It has already liern remarked that the shajie of th 
grains obsen ed in a micro-section is no indication o? the crysta 
system to which the metal belongs. The arrangements of the facet 
produced by etching is, however, a true key to the, crysta' structure. 
In the case of some specimens ()f steel, deep etching produces ; 
series of well-marked steps, the corner of each step having the foi-n 
of the corner of a cube ; such a structure W'ould S(«m to sugges 
that iron crystallizes in the cubic systcTii. Brittle iron containin) 
phosphorus has actually been broken up along the cleavage plane 
into perfect cubes. In most cases, more definit(^ information i 
given by etching of a light characiter. It is often found that tin 
lightly etched .surface is covered with a scries of depressions o 
etching-pits bounded by straight faces, and generally having : 
well-marked geometrical form.- These etching-pits ere occasion 
ally called negative crystals ; in many ma.ses, they have tin 
form of cubes or octahedra. the general :sliupe of the jiits heinj 
similar to the impression left when the side—or perhaps the cornei 
—of a solid cube or octahedron is pushed into soft wax, and is thoi 
pulled out again. 

Usually the results of etohiug ju’ovide ample evidence regarding 
the Hy.stem in which ;i metal orystallizes. Our conclusions are con 
firmed by the general character of the dendritic growths producer 
at the surface of cooling metals. Oadmiiim, for instance, whici 
crystallizes in the hexagonal system, often show's a six-rayed stai 
on the surface {.see Pig. B of frontispiece). 

. ^ J. E. St^ad, J. Iron SteH InM. 53 (1808), 170, with Hiiocial refurenne tc 
E’lates XVII and XVIII. 

* J. A. Ewing and W. Kosonliain, Phil. Trans. 193 [AJ (1000), :157. Sw 
ilao V. <;Iold9chmidt, Jitdl. Wisconsin Univ, {Science Series), 3 (1904), 23. 
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Occasionally, indeecl, there is mote, direct evidenje* rcgakliiig 
the system of symmetry to whio^i a metal should be assigned. For 
instance, copiJcr is occasionally found in nature in the lorm of 
jicrfect oetahccy'a, and similar forms have been pjojVuced in the 
laboratory under special conditions ; this confirms the^view that 
copper belong.s^to the cubic system of crystal-symmetry. 

In recent years, ,the X-ray metWids of W. H. lusid W. L. Bragg, 
Hull and Debye, have made it possible to determine, in many 
metals, the actual arrangenienl of the atoms throughout tln^ crystal. 
Most of th(' metals hafe, their atoms arrangiaj on a centred cubic; 
lattice or a face-centred cubic latitice, whilst otihers crystallize in tin; 
hexagonal sy.stem, as is shown in tin; table below. * Metals belonging 
to the sann; gro\ip of the Periodic (.’lassilieation ari' bracketted 
together. . 


('UmO SYSTEM. 

tlllO.MRUlfKDK.tL* 

HEX.A('.()M.AL 

TETimioN'AI 

Centrctl-ciilic Lp,Mlce. 

Face-centred Cube* 

System. 

SYSTEM. 

• 

i Jjit Ilium 

Lattice. 

(.Jalfiiim 

' Haryllium 

Tin (“ wliilo ”) 

* Soflium 

Alumiin'iini 

' MaKuasiuin 

Indium • 

'I’iiaiuiini * 

/(Vilialf 

1 Titauiiim 


'raniaiiiiii | 

Nickt’l 

> Zirconium 


|(3inaniuMi 

! Kli<)<liimi 

1 liutlK'iiium 


■ MolybtiDniiin ! 

j JMIacliimi 

{ O.siiiium 


' 'ruii^ 'dh j 

1 li'idiiiin 

, Zinc 


Irtai 


( (-Cadmium 


( 

tbjipcr 

, Arscuin 


1 

Silvor 

(kill) 

Lrad 

' Antimony 
( Bismiif h 



Intra-gr^nular and Inter-granular Fracture. Rosenhain’s 
Theory. If a j)ieee of metal is broken in two, the line of fracture 
may either ])ass across tjie grains, following the (;leavage-directinn 
in each grain (Intra-granular fracture), or it. may pass between 
the grains (Inter-granular fracture), lioth typc.s of fraoturr; 
arc known, but. the former—at least in the tt'chnically useful metals 
—i.s much the more common. 

This may .seem curious, ft might seem likely that the boundary 
where*two different grains meet one another would be a “surface 
of weakness,’" and that, on the least shock, the two grains would 
(;ome apart. But that does not appear to b^ tte- case ; Rosenhain 

t 

* W. li. BmgK, Phil. Mag. 28 (1914), 355. L. Vogard, J'hil. yfag^M 
(1010), 83; 32 (1010), 03. P. Debya, J^hgs. Zeiisch. 18 (1917), 483. P. 
Heherror, Phys. Zeitsrh. 19 (1918), 27. A. VV. Ifull, Rev. 10 (1917j7 
OCl ; Science, 52 (1920), 227 ; Trana. Amer.^infit. Elect. Eng. 38 (1919), 
1445 ; ./. Franklin Inst. 193 (1922), 189, 
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has ihowif, ^n'the con^any,*’ that, in many cases, the boundar 
is a surface of especial strength. t=The theory of an inter-granula 
“ amorphous cement ” * c.xplains the difficulty adeqtiately, air 
leads to soite interesting conclusions. 

Consider the arrangement of the atoms on the)oundary betwee 
two grains A and B (Fig. 30). The atoms throughout grain A 
having arrayed thcm.selves undef tlie influence of the orystallizatio 
from the centre a, hav(! one orieniation ; 'the atoms throughou 
grain B, which were arrayed according to the crystalli'zation froi 
the centre h, liave another orientation. The'atoms at tlio boundary 
however, must come under the influence of crystallization hot! 
from a and from h simultaneou.sly.- It is probable, therefon 
that the boundary atoms will remain in a more or less disorderei 
state ; in other words, when the -whole of the metal has cooled t- 


^ the ordimxry temperature, the boundar 

layers separating the various crystallin 
'■N grains will have an amorphou's character 
like that of a glass. As was explained ii 
introduction (page 46), a glass possesse 
'(> structure comparable in some respects t- 
^ that of a liquid, but must be regarded as; 

liquid so viscous at ordinary temperature 
as to be absolutely rigid. 

In considering, therefore, whether a lin 
of fracture will pass between the grains o 
I'lc. .iO. Amor[jli<)nK across them, wo have to compare tlr 
(Jiain Boundaries. liability to breakage of a glass and a crys 
tab As has been pointed out, there an 
certain planes in a crystal—the cleavage-planes—jilong whici 
fracture occurs with esjtccial ease. A glasy, in which the atom 
are not arrayed on any definite jjrinpiple, has no cleavagi 
planes and therefore no direction of special weakness. On thi 
other hand, the glass gradually softens as the temperature rises 
becoming more and more like an ordinary liquid, whereas a crysta 
retains its strength almost unimpaired up to the melting-point 
above which the .strength .suddenly drops. The curves of Fig. 3^ 
show the way in which the .strength of the crystalline and amor 
phous (glassy) forms of the same metal vary with the temperature 
At high temperatures the crystalline form will be stronger, whils 
at lower temperatures the amorphous form will be the stronger 


Fifj. 30.—AmorphouK 
Layers produced at 
(Jrain Boundaries. 


*.W. Rosenhain and D. Kwon, J. Inst. Met. 8 (1912), 149; 10 (1913) 
J19. 

■ * See C. A. F. Benedicks, J. Inal. Met. 22 (1919), 103. Compare Sir A 
Ewing, Trans. Faraday Soc. 17 (1921), 61, but note the objection raised In 
C. H. Desch, Trans. Faraday Soc. 17 (1921), 79. 
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Tho temperature at which the curv^js, cross one ano^l»ur (tAat iS; 
the temperature at wliioh both forms arc*cquaily strong) is a point 
of some importance ; it has been named by. Jeffries tBo equi- 
cohesive teqjperatureJ ^ 

Since, below tl»e cqui-cohesive temperature, the crystalline form 
is tho weaker, the fracture will pass across the grains, as has been 
observed above ;, the amorphous phase jnay at such ranges be 
regarded as a strong •cement, binding the gi'ains together. 'But, 
above the cqui-cohesive temperature, the amorphous phase will 
be the weaker, being indeed nothing but a viscous liquid, and tho 
grains should part one from another when force is applied. This 
has been confirmed by observation. It is found that tho fractures 
of iron,^ lead,® tin,® aluminium,® bismuth,® and copper * are gener¬ 
ally inter-crysfalliue at high 
temperatures, and generally 
intra-crystalline at low feiii- 
perafiUres. ■ 

It should be |)ointed out 
that the cohesion of the 
amorj)hous form of metal at 
low temperatures is not the 
only e.ause of the special 
strer-rth of the inter-crystal¬ 
line suf'aces. If. is clear that, 

. in many cases, there is ad-ual 
interlocking at the boundary 
between the dendritic growths 
which h<ave advanced from 



either side^ and this sort of 


31.—Vai'iulion of tlio Strength of 
the t'l-ystalline and Glas.sy Forms of 
.Mutter with the d'einpel’atiire. 


dovetailing hetweiui the graitis 
must add materially ^to the 
strength. Nevertheless the .special strength of the inter-granular 
surface appears to exi.st even whore tho boundaries of the grains 
arc perfectly smooth, and where no interlocking (tan be iletected 
in a micro-section. 'I’liis can only be explained .satisfactorily 
by admitting the oxistence of tlio inter-granular amorphous 
cemhnt. 


Inter-granuhii- fracture may occur even at low temperatures if 
the metal contains an undesirable impurity.. If copper contains 

• 

) Z. .leffrios, Amer. Inst. Met. 11 (1917-18), 300; Trans. Amer. Inst. 
Min. Eng. 60 (1919), 474, especially pages .701 and 602. 

“ W. Rosenhain and J. C. W. Humfrey, J. Iran Steel Inst. 87 (191.3)* 219. 
* W. Rosenhain and D. Ewen, J. Inst. Met. 10 (1913), 119. * • 

' G. D. Bengough and D. Hanson, J. Insf. Met. 12 (1914), 66 (especially 
p. 67). 
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ca sm&ll quaptity of bisi^iuf.h' the impurity collects at the boun¬ 
daries of the different grains, prefcnting them from meeting each 
other. 'Bismuth being a fragile metal, the whole metal is made 
brittle, the ifnp of fracture being of course inter-granular.' 

Steel co;^taining a small quantity of iron sulpiiiide is brittle for, 
the same reason, the sulphide forming a web-like membrane be¬ 
tween the grainsi Manj' othei' 'cases exist in which a trace of a 
non-metal causes a normally strong metal to break with an inter- 
gramdar fracture. An experienced man, by observing the char¬ 
acter of the fracture pf a metal, can often say whether non-ractallic 
impurities have been (‘liminated or not. 

There is another interesting development of tiu' conce])tion of the 
inter-crystalline cement as an extremely vi.scous liquid. In any 
liquid, the resistance to change .of shajx’ which is due to the 
\'iscosity, depends on tlu' rate at uhich the change of shape is 
brought about. The resistance i^ voiy gix'at when the chang(' of 
shape Is rapid ; for instance, water a liquid of quite l6w viscosity 
■ behaves almost like a rigid substance towards a rapidly mov¬ 
ing blade. (In the other hand, the resistance is greatly reduced, as 
the relati\c motion be(a)mes small. Many amorphous substances, 
therefore, which are really very \iscous liquids, behave towards 
sudden blows in a different manner to the way in hich they behave 
towards small stresses acting for a long jieriod. Cobbler’s wax,- 
for instance, is a subst rnee whitdi by the slow application of force can 
bo moulded to any form, and behaves, therefore, as a typical 
viscous liquid. But, if suddenly struck, it cannot undergo tins 
plastic deformation with sidficient rapidity, and the effect of 
the blow is to make it fly to pieces ; thus, t(}wards sudden forces, 
cobbler's wax behaves like an unyielding, brittle solid. 

Consider now tin' condition of the amop.phous material that 
separates the graiiis in a ]>ur(^ metal. At, low temperaturf's (his 
behaves towards quickly ap|)lied forces as a strong cement binding 
the grains together. But towards a small force acting for a very 
long time, the behaviour may be different; in other words, the 
cqui-cohcsive temperature may depend upon the manner in which 
the forte is ap[)lie(k It has been shown that prolonged stress acting 
upon lead, mild steel or an alloy of aluminium may cause an ihtcr- 
jranular rupture, even at a comparatively low temperature, al¬ 
though a quickly applied force produces intra-granular fracture 
under otherwise siihilar conditions. In order to obtain tlu! inter¬ 
granular form of fracture it is, of <!our.se, necessary for the 
bpundaries fgiparating the grains to he very smooth ; inter-granular 

* J. 0. Arnold and .J. Jeftorson, Engineering, 61 (1896), 176. 

“ A. W. Porter, Trane. Faraday Sac. 14 (1919), 197. 
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fraotiin^ is not usually obtainctl whsre thiTO* is aAy ayproa'^ to 
interlocking between the grains,^ i . * 

The argument stated above has been applied^ by Roscnhaini to 
account for the “ season cracking ” of brass ; it is foundjthat certain 
brass articles, su(j|i as cartridge oases, sometimes ‘clevetop cracks 
"on storage, although only exposed to very small forces, such as 
those caused by ‘Mnternal stress I’- -a subject wj^iicli will bo dis- 
cu.sscd in the next chapter. The cracks only ai>pear very slowly, 
and always follow the boundaries between tlie grains. Season 
cracking occurs most §ften a’heti there is some slight elevmtion of 
temperature ; brass cartridge cases fail in this Vay more commonly 
in India than in England. It is suggested that, towards these small 
forces acting for a long time, tlie. inter-granular material behaves 
like a viscou.s liquid. ^ 

It is necessary to add, however, that. Rosenhain’s explanation 
of .s(!ason-cra(^king, l)ased in a “ x'iscous flow " of the inter-granular 
matei-ial, bus not. been accoiitcd universally.- It appears .to be 
I'stablishcd that in almost all iiractioal ca.ses of season-cracking, 
another factor, namely the selective corrosion at the eiystal- 
houndarie.'f has an important influence.'’ Certain corrosive agents, 
notably ammonia, a substance which is commonly iiresent in the 
almosiiliere, appear to attack the inter-granular matmial of brass 
in preference to the sub,stance of the crystals themselves. Wherever 
by the .iction of ammonia the inter-granular cement is removed, 
the smaile.st forces will he sullieient to ]mll the grains axvay from 
each other, and the cracks which thus open between the grains 
allow till' corrosive agent to ))enetrate further along the inter¬ 
granular boundary, until linally in extreme cases- the grains are 
completely parted from one another. 

Summary. 'I'he ftndy of a micro-,seel ion of a piece of cast 
metal usually shows tliijt it consists of polygonal grains, each grain 
being a sejiarate crystal, which has grown from a single niieleus. 
All the alom.s within a single grain are arranged according to a 
single mode of orientation. The boundary of the grains repre.scnt 
the lines along xvhich the eryst.allization from dillercnt centre.s has 
niM. one anotlier. Where the metal is cooled quickly in a 
raetctllio mould, practically all the nuclei are produced at the 
surface of the mould, and long needle-shaped crystallites perpen¬ 
dicular to the cooling surface result. , 

1 W. Roseiilmln and S. L. Arclibutt, fVoc. 96 (1019), 55. 

W. Rosonliain, J, hui. Met. 22 (1919), 92 ; Tmntt. J-'aradai/ Soe. 17 (1921), 2. 

^ Soo W. H. Hatfield and G. L. Tliirkell, J. Inst, Met. 22 (1919), 67. W. H. 
Hatfield, Trans. Faraday Soc. 17 (1921), 36. • • 

® H. Moore, S. Bcokinsale and C. K. Mallinton, .J. Inst. Met. 25 (1921), 35. 
H. Moore, Trans. Faraday Soc. 17 (1921), 58. 



152 METALS AND METALLIC 'JOMPOUjIdS 

. t 

A(|8tudx of the pattern left on the upper surface of solidified 
metals, suggests that thd form of tjhe growing crystals is dendritic ; 
this is «onfirmed by the examination of sections of certain alloys 
(bronzes, ei^.). Dendritic forms are really ordinary crystals grown 
under circumstances especially favourable for gre^^vth at the comers, 
rather tha'K at the sides. 

The crystal system of the motals can be arrived at by a study 
of the etching-pits and negative crystals praduced by the coAosion 
of a section. X-ray analysis actually indicates the space-lattice 
upon which the atoms are arranged. Moijt metals crystallize in 
the cubic system (‘centred-oube or face-centred cubic lattices) ; 
some in the hexagonal system. 

At the boundary bctwei'u two grains, the atoms, having been 
under the simultaneous iniluonce^of crystallizing forces originating 
from two centres, appear to remain more or le.ss disananged, and 
the boundary layer can be regarded as amorphous. An amorphous 
or glarsy metal should be w eaker dt high temperatures, »,:id stronger 
at low temperaturc.s. Hence we get inter-gramilar fracture at high 
temperatures, but intra-graiiular fracture at low temperatures. 
However, where impurities (especially non-metalhc 'substances) 
have accumulated between the grains, the boundaries become 
surfaces of weakness, and we get inter-granular fracture even 
at low temperatures. Moreover it seems possible that, even in 
the absence of such inter-granular impurities, small forces acting 
for a long time may pull the grains apart at comj)aratively low tem¬ 
peratures. This view has been put forward by Rosenhain to 
account for inter-granular cracking ("season-cracking”) in bra.ss 
and other materials; but other influences, such as selective corro¬ 
sion, probably play an important jiurt in causing this form of failure. 



CHAPTER H 

THE STTIUCTUEE OE METALS AS ^MODIFIED BY 
MECHANICAL WORK 

In the last chapter Hu! structure of freshly sulidilied metal was 
described. If the metal after ijolidifioation receives any sort of 
deformation by mechanical means, the internal structure is neces¬ 
sarily modi lied, ^ 

Behavior of a Metal under a Tensile Stress. In tlie first 
place, it is necessary to observe the iiehaviour of a piece of metal 
towards %ees that would lend In 
alter its shape. The behavioiir is 
conveniently illustrated when a piee(' 
of metal is subjected l(.i the oi'dinary 
‘‘ten.-ile .streiif'th test.” .\ test-piece 
is usually pn^jiared haviue the shape 
.shown in Fig. This is .secured 

at the two ends which are then 
pulled a])art by a gradually iiuu’eas- 
ing force ; during the pull the e.vten- 
sions caused by different values of 
the load, or pulling force, arc I'e- 
corded. Finally the, si^ccimen begins 
to thin out at some point, and frae- 
tur(' speedily follow'S (Fig. 32 b). 

In the older forms of the testing- 
machine,^ the load, which is usually 
applied bj' means of a hydraulic (.1) • ’(B) 

arrangement, must bo increased in Fio. 32. 

steps, the extension corresponding to 

each load being measured separately by tiu^ observer. After the 
test, a curve is plotted, showdng the relation between the exten¬ 
sion and the load. Various types of “ autographic ” testers Jiave 

* * 

^ J. A. Ewing, “ The Strength of Materials (Cambridge llnivoreity Press); 
C. A. M, Smith, “ A Handbook of Testing Materials ” (Constable). 
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froni(l tiiiici to 1«mo been designed, which trace tlie curve on paper, 
automaticalfy, as the splcimcn is ^lulled out! Some of the earlier 
pattern* are open, to certain objections, but in a machine recently 
introduced tby ,Dalby,i an intricate optical contrivance allows a 
curve shelving the relations between load aiirl extension to bei 
obtaijicd upon a photographic plate, without introducing any 
frictional rcsista,'ice which would cause an error, in the curve pro¬ 
duced. Such a machine allows small irregularities in the curves 
to be detected which in the older form of raacdune would either 
have escaped ob.servation, or would have«!)een attributed to the 
imperfection of the method employed. 

In Fig. 33 is .shomi an extension curve of an imaginary material. 



In the early part of the curve, ()A, which is .straight, the extension 
is proportional to the load ajiplied. This )K)rtion of the curvi^ 
i.s spoken of as being within the range of perfect elasticity.” A, 
the |)oint beyond which the line cease.s to bo straight, is called the 
limit,of proportionality. • 

Any extension within the range of perfect ela.sticity is of a^tem- 
porary nature ; if the pulling force were removed, the rod would 
return to the original length. But if the pulling force is increased 
further, the exteneion begins to ris(^ more rapidly, and this ex¬ 
tension is of a more lasting character and docs not disappear even 
if tite pulling force is removed ; the test-piece is said to have ac- 

1 W. E. DalHy, J. Inal. Mtt. 18 (1917), 5; Phil. Trans. 221 [A] (1920), 
117. 
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quircd a “ permanenf set/’ The pjijit 15, at which tlio “per¬ 
manent setfirst becomes appreciable, mAy be referred to as the 
yield-point although it should bo noticed tha,t dilferent»ivriters 
employ this tert^i in different ways.’ It is often assumed that tlu^ 
jyeld-point, at whi*h a. “ ix-rmanent set ” first appears, is^ideiitical 
with the “ limit^of ]ir(jpoi'tioiuility ’’ at which the elongation epases 
to be proportional,to the load a|T[)lied. Thi.s is,not Jiecessarily 
the case, but in most materials the two points are close together. 
The vague term “ elast ic limit ” i.s usrxl by some writers as though 
equivalent fo the “ limit of proportionality,” whilst others use 
it to imjjly Ihe point at which permanent elongation first occurs. 

Ueyond the yield-point, the S|)ecimen elongates rapidly ; at last 
the maximum stress (0) is reached ; after this tlu^ specimen 
commences to thin out at one poiqt, and, after considerable further 
elongation, breaks. The conditions obtaining at the instant of 
fracture an^ refwesented on the curve by the point I). During the 
final stage !tl extension, whilst the local thinning is (Katurring, the 
total load acting upon the specimen is usually somewhat reduced, 
and t he curve often shows a downu<ird trend ; it should, ho\wver, 
he ])ointed out that near the place of fracture, the cros.s-section 
of the bar is contimially becoming smaller, and consequently the 
stress /nr iiiiil (irca, of this portion continues to rise until fracture 
takes lace. 

ft mil', also be remarked that, after the yield-point is passed, 
the nietid apjrears to be in a jda.stic state, and the process of defor¬ 
mation under the influence of stre.ss i.s a slow one, the amount of 
e.xtension depending upon the time allowed. Thus the curve 
obtained when the stress is quickly increased (the curve of quick 
breaking) differs from the curve obtained \\ hcn the stress is gradu¬ 
ally increa.sed {the curve of slow breaking). 

if the stress-extensioii^curves are plotted for a number of metals 
and alloys, they provide a means of comparing the mechanical 
ju'operties of the different materials ; Ihe curves for c<Ttain .speci¬ 
mens of cop]ier, tin, brass and steel are shown in Figs. 54, 55, 51) 
iind 57. it will be noticed that the extension corre.sponding to the 
limit of proportionality is in all cases so small, khat the fir%t })art 
of tin? curve is scarcely distinguishable from the vertical axis. The 
curious irregularity at the yield-point shown in Fig. 37 is typical 
of the curves of many kinds of iron and steel.; 

• 

' 1'h(i elongation curves of stoels show a very sudden extension ul a certain 
stress, and many engineers use tho word " yield-point ” to denote die stress 
at which this suddon l)roakdowi\ of tho materiol occurs. Most other metals 
do not show this sudden elongation. * • 

^ W. E. Dalby, J. Inst. Met. 18 (1917), Compare also A. llobertson 
and G. Cook, Proc. Roy. Soc. 88 [A] (1013), 462. 
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'^hc vfkluesiof the load,p»r unit area afthe yield-point and the 
maximum ’stress are iifiportant ^s expressing the strength of the 
materkd in queijtion. The yield stress represents the greatest 
stress wlii^h the material will stand without peri^anent change of 
shape, a'^d without alteration in properties. Tiie maximum stro^ 






• \ H>j p<’nni--!Aion Of Professor Dnlhij and the, InstUute of Metals. 


is the greatest stress w hich can ho withstood, under the conditions 
of the test, without fracture ; it is often kikiwn as the “ tenacity ” 
or simjily as the '■ tensile strength.” 'I’he following t-ahie sliows 


Material. 

^'Icld StresK. 

Tensile 

Strength. 

Extension, 

f 4 

•Stoel, 01% cai-lion .... 

Tons ftcr stj. ill. 
JOtif) 

Tons per 
sq. In. 
22-7 

Per rent. 

.■)? 

Steel, 0-2(>% curbou 

22'8 

28 (i') 

2(i 

Steel, carbon 

27-H 


lb 0 

Cast iron 

N’o marked limit. 

i:i-i 

0-4 

BraKH rod, anneule?! in water . 

l.'i-t? 

.•iO-94 

19-8 

Copper, elee.l rolvlie 

2H:t 

1412 

■Vil 

TTn. 

2-S 

2-8 

42 

' Zinc . . •. 

* « 

8 

10-4 

02 
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the yield stress and maximum tensile ^tyength of a few 
the percentage elongation of tt«e test-piifee at fracture is also 
added.' , • 

Certain matcfjals, like cast iron, appear to !«■ almost incapable 
permanent deformation; they fracture as soon as t^ elastic 
limit is passed.^ Such metals are said to be hriltle. In a ln;ittle 
metal there is no jvrceptible thinifing out of tbe specimen at tin? 
point of fracture. Certain other metals (uni undergo a very great 
elongation before fracture occurs ; a bigli value for tb<' elongation 
imijlic.s tliat the, material tested is ca]>able of undergoing consider¬ 
able change of shape by mechanical means without .suffering 
fracture; sucli a material is, for example, suitable for conversion 
into wire by drawing through a flic. There are, of course, otlier 
equally important ways of changyig the shape of a metal, srich as 
rolling, hammering, .stamping and spinning ; as a rule metals which 
are ductile, or oaimble of being drawn into wire, will readily undergo 
deformatiolT in these other ways ; they are, for instance, generally 
nuilteuiile, or capable of being hammered into shape, and of being 
rolled out into sheets without tearing or breaking. The foilwing 
metals are usually considered as “ ductile ” ; they .arc arranged 
, in ordiu' so as to show the most ductile first- 

Cold, silver, platinum, iron, cop{)er, aluminium, zinc, tin, lead. 
'I'he ei der of malleability is similar, but by no means identical. 

Changes of Structure due to Deformation. It is now 

possible to consider the changes in the internal structure of the 
metal which has been deformed, for instance, by a tensile stress. 
It has been found possible to keep a pohshed surface of a metal 
specimen luider obiservation through a microscope, whilst tlii' 
specimen is actually bejng strained by a gradually increasing tensile 
force ; very interest ing»resulta have thus been arrived at.^ 

Whilst the metal is merely strained to a |)oint within the range of 
perfect elasticity, it suffers no visible change of structure ; no doubt 
during the tension all the grains become very slightly elongated 
in the direction of the pull; but as soon as the tension is removed, 
the i^toms fly back to the original rao.st stable ^rrangemeitt. 

When, however, the metal is strained just beyond the yield-point 
— so that it acquires a small permanent set—the state of affairs 
is different. If the same grains are carefuHy measured before 

’ The numbers are those given by W. E. Dalby, J. Inst. Met. 18 (1917), 
20. In a later paper {Phil. Trans. 221 [A] (1920), 128), Prof. Dalby'saye 
that tin, zinc and copper have, strictly speaking, no rang^ ot perfect elm- 
ticity, and no definite yield-point. • 

“ J. A. Ewing and W. Rosenhain, Phil. Trans. 193 [A] (1900), 360-363. 
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an(Lafter,the pull, *t can^be proved'that 'some of th(^ grains are 
rendered permanently Bniger in yie diroetion of pull, .and shorter 
in the direction af right angles. Moreover, on each of the grains 
which has s^nffered a change of .shape, there appears a series of dark 
lines knee'll* as slip bands. In grains wherei'there are no slijj 
bani^s, measurement shows that there is no appreciable change of 
.shape. If the ijictal is strained a little further, slip bands appear 
in Ml the grains, additional slip bands being.f'ormed as the sti’a-ining 
is continued. 

When deformatioti proceeds further, tl»‘. change of structure 
becomes more marlJed. .Su[)po,se, for instance, a I'od of mcstal is 
drawn out into wire, and a longitudinal section of the wire is pre¬ 
pared. When the section is examined under the microsiaipe, it will 
appear at first that the wire is jnade up of a number of iiarallel 
strands, or fibres ; closer inve.stigation has shown, however, that 
the .so-called fibres are really the greatly elongated grains.^ Even 
more .striking is the effect of r(?lling in altei ing the ♦.tppearancr^ 
of a metal as viewed in a micro-section. When an aluminium east¬ 
ing, jionsisting of cquia-xed polygonal grains, is rolled out into 
.sheet, the grains gradually become elongated in the ctirection of 
rolling, and flattened in the direction at right angles, until finally, 
when the sheet becomes thin, the “ crystal boumlai'ies are so closer 
together as to give the a])])earaiua‘ " (in a micro-section) “ of a 
number of parallel lines running in the direction of rolling.” - 
The mechanism of the elongation of individual gi-ains during 
the early stages of straining is most interesting. It is certain that, 
in many metals, deformation is produced l)y layers of the crystal 
gliding over one another (see Figs. ;!8.v and n). 'I'lu^ sliit bands 
seen in the polished section after straining indicate the jjlanes along 
which gliding has occurred; these “gliding-planes,” as (hey 
are called, will mjrmally be the cleavage-^jlfines, the planes along 
which the natural layers (jf atoms comjKising tlu! crystals are 
arranged, it has already been pointed out that tln^ sj)litting of a 
crystal into two halves is especially easy in these directions ; and 
it is not surprising to find that the gliding of one half upon the other 
is possible only ^.long the same planes. Very careful measuve- 
raents upon mildly strained lead have proved that—in that material 
at least—the parts of the crystal-grains between the different 
dip bands suffer no_ distortion^; the change in the shape of the 

* G. T. Beilby, Proc. Itoy. Soc. 79 [A] (1907), 463. Compare M. Polanyi, 
ZeAtsch. Elektrochem. 28 (1922), 16. 

^ Bl. C. H. Carpenter and C. F. Elam, J. Inst. Met. 25 (1921), 264 ; the 
}6buti{ul mioAiphotos accompanying this paper show the elongation of the 
p'ains on rolling Very clearly. » 

’ Vf. Rosenhain, J. Iron Steel Inst. 70 (1906), 191-193. 
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grains as a whole is du6 to tte differc^t^ portions sliding ;:elatiyely 
to one anoyier. * > ^ t / 

It is, however, not possible to aceount for tliq elongatios ftf an 
irregular grain satisfactorily by assuming that gliding (jeours only 
^long one set of parallel planes ; it is thought tha^ whi^- gliding 
has proceeded for a minute distance along planes in one direction, 
as shown in Fig. ;J8 b, further gliding occurs alopg other planes 
interseT'ting the first, a« shown in Fig. flSc. Snbseipiently tbi'l-e 



(/■;< 



ir> 

Fig. 38.—Dcforiimtion by (iliding. 


may 15c gliding along other series of pianos. Thus after straining, 
the original grains are split up by these intersecting gliding-planes 
into numerous much smaller parallelopipida. Fig. 0 of the frontis¬ 
piece, a micro-section of strained lead, shows at least two sets of 
intersecting slip bands in each grain. In general the appearance 
of the slip bands in micro-sections of strained lead and straihed 
iron point to th(^ existence of four set| of gliding-planes in the 
same crystal, parallel to the four octahedral planes of the cry.stals ; 
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in kon, ajij)pi*g has also,bven found parallel to the three cubic 
plains.* I k « 

Wfieti a metal specimen is first ground down and polished, so as 
to present a flat surface (Fig. 38d) and is then stri^ined, the forma¬ 
tion of jjjjding-plancs must necessarily lead to t stepped arrange 
men^ at the originally flat polished surface, as is indicated in Fig. 
38®. The little,facets a, a, a, ‘()roduced by straining appear dark 
when tlu! .surfuce is vi(‘wed by vortical illumination, and hence 
th(‘ slip band.s marking the lines of .slip are normally dark. When, 
however, the speeimen is viewed under oblique illumination, and 
is moved round on the inicroseopo stage, the bands will sooner 
or later flash out brilliantly bright, when the light happens to 
.strike the facets at such an angle that they reflect it up the tube. 
Stull a phenomenon clearly iinlicates the “ stepped ” character 
of the strained metal. 

Ductility and Crystal-struc^re. If we assume for a moment 
that the only method by which metals can be deformed is by the 
gliding of one layer over the other (an assumption which is not— as 
we shall see—quite correct), W'C should e.xpcct that the ductility ” 
of any material would be determined by the likelihood of the 
formation of gliding-planes in that material. It is interesting to» 
note that a connection appears to exist between the crystal-structure 
and ductihty of the different metals. Hull ^ has suggested a reason 
for the fact that most of the metals which have their atoms arranged 
on a face-centred cubic lattice (such as aluminium, nickel, pal¬ 
ladium, platinum, copper, silver, gold, and lead) are remarkably 
ductile and malleable materials. The arrangement of the atoms 
in those metals is .such that in any one grain, there are four different 
directions along which the slipping of one layer of. atoms over 
another can easily occur ; thus, there is no direction in w'hich 
a shearing force can be applied, which w'owld not bo nearly parallel 
to one of these directions of easy gliding. In the hexagonal system 
of close packing, on the other hand, there appears to be only one 
direction suited to ea.sy gliding, and it i.s noteworthy that metals 
with atoms arranged on the hexagonal .system of packing (mag¬ 
nesium, zinc, an*l cadmium) arc loss ductile. Among the 'two 
most important cubic lattices, the. face-centred cubic lattice seems 

1 J. A. Ewing and W. Rosenhain, Phil. Trans. 193 [A] (1899), 365. J. A. 
Ewing, J. Inst. Met,,4 (1912), 14. Compare also the micro-sections ol rolled 
(S-brass given by P. Johnson, J. Inst. Met. 24 (1920), 301 (especially Figs. 

8, 9 and 10). The mechanism of gliding in single crystals of aluminium is 
welP illustrated by the work of H. C. H. Carpenter ond C. F. Elam, Proc. 
Itvy. Soc. 10« [A] (1921), 329. 

^ A. W. Hulf, Trans. Amet. Inst. Elect. Eng. 38 (1919), 1462. Compare 
y. M. Goldschmidt, Zeitseh, Metallkunde, 13 (1921), 449. 
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to confer greater duotility* than tl^e centr&-ouhc lattice (e.g. 
titanium, tantalum, ehromiuin, molylixl^uiuin, tungitcn, mou). 

In the fornier the packing is closer, ami the distances tyween 
the atoms is less ; each atom is “ in toucli ” with tj'clve other 
atoms, as com|)a»(‘d with eight in the case of iht: 'cen^cd-cube •'' 
lattice, although the gliding-planes are eipially w'ell detined in ^)th 
methods of paefliing. 'J'he chanc(» of the two layers getting out 
of th(» range of attraction during the gliding o])eration is pre¬ 
sumably least in the lirst case. 'Phis line of thought- which is 
mainly duo to Hull- appears to be capable of leading to mo.st 
interesting results, but the theory will prolTably require to be 
extended so as to take into account, the po.ssibilities of other modes 
of deformation, before it will conform comj>letely with the facts. 

Twinning. 'I’he hirmation of gliding-planes is only one method 
by which a grain can elongate itself in one direction and contract 
in another. In many mcials, there is an alternative method of 
drfonnatiol.', by means i.)f '■twinning.”' Instead of one*layer 
moving over the other as a whole, the atoms of every alternate 
layer may swing into a new orientation so that these layers beaoine 
twin-lainelke, the ehangii being suggested in Figs. IWa and SOb. 
Such a rearrangement wall nece.ssarily leave the crystal shorter in 
one direction and longer in another, and provides a ready method 
of ‘'iu.ernal buckling.'' 'I’winning is most often met with when 
a sudden local compression is applied to a metal. The change 
involves no slipping along gliding-plani's, but is aceomplkshed by 
the swinging of atoms throughout the whole Milunie of each alter¬ 
nate layer into a new orientation ; it may, therefore, be considered 
a method better adapted to a sudden change of slnqxi, and especially 
to deformation by local compression, or scpiee/.ing. When a jiiece 
of tin is bent sliarply', twinning occurs where the tin has been eom- 
])ressed ; on the side where t ho bending ca uses the tin to be stretched, 
twinning is not, as a rule, jiroduced.- The bending of tin is always 
accomiianied by a [leculiar sound called the " cry of tin,'’ which 
has been attributed to the movement of the atoms to their new 
arrangement." Twinning has also been observed in large alu- 
miBiuni crystals which have been deformed by st(;ptching.* , 

• 

’ The inechaniBiu of gliding and twinning is diseuastHl at some length by 
H. M. Howe, “ Metallograpliy of Steel and Cast Iron ” (McOraw*Hill), Chap¬ 
ters 1(5, 18, 19, 22, 23, 24. Tfio theories of F. ONinoiid and G. Cartaud, J. 
Iron Steel Inst. 71 (1900), 444, are of interest. Sco alsf) J. 0. W. Humfrey, 

J. Inst. Met. 14 (1915), 140. C. A, Edwards and H. C. H. Carpenter, J. Iron 
Steel Inst. 89 (1914), 138. K. Vogel, Zeitsch. Anorg, Chem. 117 (1921), H?l. 

® C. A. Edwards, J. Inst. Met. 14 (1915), 116. 

^ P. Gaubert, Cowptes Rend. 159 (1914), 68(1 

^ H. C. H. Carpenter and C. F. Elam, Pror.\oy. Soc. 100 [A] (1921), 329. 

M.C. -VOL. 1. M 
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If. a piece leaa is squeezed in a vice against a glass plate, 
twiiigiing is produced liv the pressure. The twinned structure is 
best veen if the metal is afterwards .slightly Ix'iit in the fingers, 
so as to produce slij) l)ands in the twinned metal. When the 
specimt'qv is e.vamined under the mierosco])e, Ok slip bands are 
foiuid to proceed in a zigzag manner across the grains as shown 

, in Eig. ;i9c; this clearly indi¬ 
cates that tne arrangenmnt ol 
atoms in alternate! layers is 
different, A similar effect can 
b<^ produced in Jiickel and 
co])per. 

Other Modes of Deforma¬ 
tion. 'Two modes of defonna- 
fion have already been suggested, 
namely gliding, w'hioh is gener- 
ressune. observed in metals subjected 

to a uniform tensile stress, and 
hvinning, which is often met 
with in metals subji'cted to a 
localized compre.ssional stress. 
Cases exist, however, where a 
metal has undergone consider¬ 
able deformation, but where it 

aDArrangement after Pressure. 

the whole of the deformation by 
gliding or twinning alone. Where 
a slab of cast metal made up ot 
polygonal grains is subjected tc 
rolling, the grains become gradu¬ 
ally idongated in the direction ot 
rolling, and are red\i(a'd in the 

(t-Mctual Course of Slip Bands in 'hrection at right angles; in 
Strained Lead or Nickel. some ca.ses. the reduction may 

tbc. lift.—Deformation by proceed until the individual 

^ 'I'winning. grains are mere thin fialtes.- 

Adcock has recently prepared 
some etched micro-sections of the rolled alloy', cuiiro-niokel, which 
make it clear that in many of the elongatt'd grains the gliding ot 

* J. A. Kwiiig and W. Hosenhaiti, 7Vn7. Trantt, 193 [A] (1809), 368. C. A. 
Ecfcvarda and H. C. H. Carpenter,./. Iron Kfcd Inst. 89 (1914), 138, especially 
^cro-aecti(^i3 3 and Id. 

^ See the sections of rollwi alunrinium given by H. C'. II. Carponier and 
C. F. Elam, ,/, Inst. Met. 2571921), 259. 
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one layer over another has oecurred ; but in ffdditifii the sections 
show that in certain places the lyholc A'yjtal has becit beiw'.” ’ 
It is difficult* to see how this could be otherwise, since the eloy^tion 
of a single crystal by a ]U'ocess of simple gliding must^protfficc! a 
“stepped ” outfin» at the boundary of the grains, jliftl in^^eneral 
tTie “ steps ” [)roduced at the edge of two adja(!ent grains will .wot 
“ fit in ” with one. anotlier. Hene* one, must exp('(.',t considerable 
disorgMiizatioii of the .atoms at the grain-boumfaries, which, in 
extreme cases may amount to the total destruction of tin- ordered 
arrangement, and the .production of an “amorphous" layer of 
considerable thickness.- In oupro-nickel thenfajrpears also to bo 
considerable disorganization along the planes of gliding ; it is 
probably on account of the production of more or less amorphous 
material where one portion has glided over another that tlio gliding- 
])lanos appear as daric lines on the etched sections. 

ft is difficult to avoid tin conclusion tliat the atoms, which in the 
oi'iginal casit slate, are aceuratelf allignod upon a space laitiee, 
(^an be gratbially forced from their stalrle positions, until at points 
where the di.sorg.'uiization is \'(!ry great (e.g. at th(' grain-bouiularios) 
they are arrtiriged in a nioR! or less disordered manner, all traces 
of the original .space-lattice having di.sa])peai'ed. According to 
this vii‘w, we get a pas.sage from the erystalline state to a more or 
less nirorphous state, Imt tlie passage is prol)ahly a gradual one.-'' 
Where tie- degree of deforiuafioii is not too great, tlie atoms may be 
regarded as being arrayed still upon a spaec-lattice, hut it is a dis¬ 
torted space-lattice.* 

Of course the arraiigomeiit of atoms on a distorted space-lattice 
is an unstal)lo arrangement, and if it were possible, the atoms 
would tend to spring back to their stable arrangement on an nn- 
diatortod lattice. Neverthele.ss in a piece of metal which 1ms been 
siifhwed deformation h.; mechanical forces, llu^ space-lattice in 
certain regions apjx’ars tit remain distorled even after the external 
defoi'ining forces luu e been reino\'ed. For instance, in one strained 
crystal-grain the atoms may he ju-evented from jumping back 

^ S'. Adcock, J. Inst. Met. 27 (1922), 73. 

* Ooiriimi'o Z. Jeffries and R. S. Archer, Met. V/iim. Effej. 25 (1921^, 097, 
o.specia)Ty p. 70-t. 

’ Compare (.lie views of J. Czocliralaki, Int. Z('.U.ii-ti. Mel. 8 (1910), 22, of 
Cr. Masing, Zeitech. Metallktmde, 12 (1920), 457, and of I’. Cauhert, Comptes 
Hmd. 173 (1921), 1089. 

* Evidonce that, a space-lattice may persist in a distorted form in a deformed 
crystal i.s believed by many physicists to be provided by au optica', study 
of some plastic needle-shaped crystals of ammonium nitrate, which may Joe 
bent into loops or circles by slow pressure with the fingers. See W. N. Bond,- 
Phil. Mag. 41 (1921), 1. A. W. Porter, Trans.fl'araday Soc. 17 (1921), 00. 
'f. M. Txrwry, Trans. Faraday Soc. 17 (1921), 06,*67. 
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to Uiek stablet arrangement^ since tlit' cxiatence of the contiguous 
grareis precludes 111,0 chipig'o of shape which tlie return to the stable 
arraiWnicnt would involve. Thus in a deformed metal we con¬ 
tinually n)oet with internal stresses. These internal stresses 
are of great'practical importance ; where the gwins on the outside 
of<i metallic object are in a state of tension, tlie individual grains 
may Actually, in the course of ti'.ne, become parted from one another 
as ft result of tlie internal stress—especially if a reagent is present 
which has a specitic corrosive action on the inter-granular material; 
the phenomenon known as season-cracjdng,” discussed in the 
last chapter, is the'result. We shall return to the subjeitt in con¬ 
nection with the ■■ annealing ” of metals. 

Very interesting information regarding the arrangement of the 
atoms in deformed metals is iirovided by recent stmlies of rolled or 
drawn metals carried out liy means of the X-rays.' Even after 
suflfering very great reduction by means of rolling or drawing, the 
nieta's give .X-ray patterns, which show that the atf.mis are at 
least in .some jiarts of Ihe materials - amingeil in an orderly manner. 
But the orientation of the rows of atoms in the rolled or drawn 
.specimens is not fortuitous (as in the east or annealed state), but 
is related to the direction of rolling or drawing- -as indeed is to be 
expected. Thus in drawn tungsten wire, all the crystal-grains 
are arranged with the so-called [110] direction (i.e. the direction 
defined by the diagonals of the faces of the elementary cubes) 
parallel to the length of the wii'c. T'hesame is true of wire madeot 
iron or jiiolybdenum, metals which (like tung.sten) have their atoms 
arranged on a centred culie lattice ; for copper and aluminium, 
in which the atoms lie on a facv'-centred lattice, another slightly 
ditferent rule ajvpiies. 

Comparative Strength of Coarse and Fine-grained Metal. 
It has long been known that a tine-grained'’.specimen of metal is lesi- 
lialvle to fail than a specimen of the, same metal in which the giwint 
are large. It is indcasl easy to understand why a specimen con¬ 
taining very large grains .should be fragile. Imagine a bar com¬ 
posed of grains of such a .size that a single crystal runs through tin 
whole diameter,of th(v bar. in such a case, the cleavage directioi 
is constant throughout the thickness of the bar, and a singlevvoddei 

V M. Kttisch, M. I'olanyi and K. Wcassetiber^, Zi’iltufi. lUijjtt. Chtln. 
(1921), 932. M. I’ol.myi, /o7.vct. EUdmhnn. 28 (1922), 10, K. (,'. Bail 
and Z. ,leffrie.s, .17cl. t-Vir/a. E/uj. 25 (1921), 773. H. C. Burger, iVig-v. Zeiiitdi 
23 (1922), 14. S. Nishakawa and Q. Asaharu, /Vri/.s. Rcr. 15 (1920), 38 
'I’lw last |iaper describes the changes in X.ray pattern w'hicli occur on anneal 
ysng the rolled metal, or (in the case of certain soft metals) on more storage 
tiompare the vX-ray study of tlie compre.ssion of sodium eliloride by A. F 
(Ioffe anil M. V. Kirjiitclievn, /Vu7. Maij. 43 (1922), 204. 
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sliouk in tho right direiTion may C!au»* Eie bar to split iif two., li: 

a liuo-grained bar of t he .samo aizb, howov(4’, th^ nleavago dirj/tioii 
will vary .slightly as one ])a.ss(‘s from one grain to'the next, ‘/here- 
fore, any lino oi p^issibh^ fraeturi^ will not he (piito litiiargld/and it 
will require a mueh greater shock to bring the. siniullanebus spjjl;- 
ting of so many different grains, fo as to produce a crack, right 
across^the cross-section of the bar.* Hence, towards a shock, the 
tine-grained material will be the less fragile. 

Towards a. tensile stress the behaviour of a fine-grained specimen 
w'ill also bo different from that of a coarse-graiiied .specimen, (ton- 
sider the pulling out of a iluctile metal. If tho specimen of the 
metal consists of a single crystal, the gliding can proceed without 
hindrance, lint if the metal consists of numerous crystals, the 
movement, of the slices of any ]i;«'ticular crystal over one auothei 
will be restrained by the ore.scnce of the other (trystals in contact 
with the tirst. If the crystals injhc spedmen are very numerouf- 
the resistance to ])\dling will be greatest, and consequently a tine, 
grained sjiecimeii of metal is stronger and withstands the action 
of defoi'uiii^' forces better than a (ioarse-gi'ained sjieciinen.^ *rhii- 
general statement, however, aiiplies only to temperatures below 
the equi-(!ohesive temperature : below that temperature, the 
inter-gr.unilar amorjihous material is stronger than the crystab 
themseo'‘s. and deformation occurs by gliding within the crystals ; 
consequently, as just shown, a line-grained metal will be strongei 
than a coarse-grained. On the other hand, above the equi-cohcsivi 
temperature the inter-granular matter begins to soften, and, .since 
the number of inter-granular boundaries in the speeimen wall he 
greatest in flic line-grained material, the coarse-graiiu'd samph 
will be the stronger.'' 

The e(|ui-eohe.sive temjieratui'e is, in f.iet. mo.st easily d(‘termine(l 
by finding the point at which a tin<‘ and coarse sample of the saint 
metal withstands deformation equally well. The talile beknv shows 
the approximate e(|ui-eohesive temperatures of five metals ob¬ 
tained in this wav. It- cannot be .said that the values are known 
with any accairaey. 

Since the strength of amorphous material depAids on tlft- rah 
at which the force is apjilied, and the strength of crystalline material 
diqiends on the directmi in which the force is a|iplied, it is deal 
that the e(|ni-coh('sive tenqierature, .although a u.seful rough con- 
(eption, is not an exact physical eon.stant. * 


‘ ’I’lle eliarnclin i.tl ic.s nf u .shook I'raeturi' are Uescaalred liy W. Rosenh»ia, 
,/. Iron ,Steel Inel. 71) (lUOU), 222. 

|.ij! and K. S. Archer, Met. ('hem. Knn. 24 (1921), IC.yT; 25 (ll)2t)* 


’ <5. .Joli'ries, J. .liner. Inst. Met. 11 (1917-18), 300. 
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'Il)c t^quJ'Oohcsive tempur/iture of copper, whicfi in added, was 
obtaVied in a different'way, being tho temperature above which 
intra-yranular fra'cture was observed to bo replaced by fracture 
of the vqiter-gmnular ty])e ; this number is, therefore, not strictly 
eoQiparable with the others. '■ 


Metaf. 

Kqul-Cohcsivc Tempera';urc. 

Meltinft^Point. 

iron. 

.>50 -060° ^ 

1.5:50° V: 

Tiuif;w(<Ti.. 

i 1 ..'toir*'* 

;5,540° 

Plafiiuim. 

5:.»5-.j.'>0'' A 

1.755 ' 

Cel.l. 

275-:joir’ * 

l.mi;5 

Silvur. 


imr 1 

(.'upper. 

l»'(\vc(‘n 7l(i and 71!) • 

i,oh: 5° i 

Alteration of Properties by,.Mechanical Work. It lias long 


been known that metals are made hardei'. stronger amHess ductile 
by mechanical deformation at low temperatures. This fact c;an 
now' bo explained. When a metal is deforim'd, each grain is sub¬ 
divided into a large number of parts by various sots of intersecting 
gliding-planes. It is very possible that after deformation, the atoms 
on each side of a gliding-plane will bo in a somewhat disordered 
state, aTid will lose their accurate crystalline orientation. We may 
exj)ress this by saying that a layer of more or le.ss amorphous 
material is formed along each gliding-plane. In any case, it is 
almost certain that disorganization must occur at the boundaries 
of ead) grain during elongation, tho original amorjrhous layer 
between tho grains thus becoming thicker ; it has already been 
pointed out that this disorganization at the boundaries is abso¬ 
lutely necessary, because tho “ stej)S ” which would be formeil by 
gliding in adjacent crystals will not—in .general- “ lit into” one 
another. The process of deformation may therefon^ b(' said to la; 
accomiranied by the amorphization of the metal.^ llelow tlu! 
cqui-cohesive temperature, the result of tho increase in the amount 
of di.sorganizcd tnaterial |)resent will be to increase^ th(! limit of 
propcAtionality ar.id yield-point, and also, to a smaller extent,' the 
maximum stress. The ductility is lowered, because, as the crystals 
are shattered, the jiossibility of forming now gliding-planes is 
lcs.soiiod ; and, asdhe power of accommodation to sudden forces 
by .stretching or ‘yielding becomes redmed, the material not in- 
fre^(uently becomes brittle. 

< * Z. JefTrk'rt, •/■ /inter. ]n.st. Mr.t. 11 ItOO. 

® <j'. 1). Ben^ugh and D. ^.aiisoii, Inst. Met. 12 (1914), 07. 

’ Tiio Amoricaji wriu-rs .speak of " amorphization," whilst sonio (Jerraan 
writers use the word " decrystallization " in a rather similar sense. 
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Wl»re deformation, is acoompaniid, by twinning^ tastea-l of 
slipping, a father similar effect iS produc(<l. ]«i a, twinned cwstal, 
the cleavage direction changes as one passes from one thirf lamella 
to the next, *ri^erefore, a highly-tw’inned mass ipiisf aljfays be 
more nnyiclding than an untwinncd mass. Moreover, the procQi'''' 
of twinning will be accompanied bj' a certain amount of disorgani- 
zatioi^of the atoms at the boundaries of the graias. It .should be 
added, however, that flic hardening effect of twinning is genefally 
less pronounced than that of slipping. 

'J’here are various sTiades of opinion regardjng the effect of de¬ 
formation upon the character of a metal. Beilby ■ thinks that a 
distinct amor|)hous phase is formed which has diflerent j)roperties 
from the crystalliiu! metal. ,f. .Tohnson 2 eoes further, and—treating 
the amor|)hous melal as a true licpiiil jimceeds to icxjdain how the 
melting-point of the metal can be lowered to ((rdinary tejnpei’atures 
by a '' nou-homogcneous " presjure. such as is needed to cause 
ileformation. Whether ,Johnson’.s arg\mients air sound (fc not, 
there is no doubt that metals with low natural melting-])oints are, 
for the nujjit part, much .softer (that is, they can be deformsd by 
means of a much smaller pressure) than those with high melting- 
points.'* The views of Beilby and of .Joliusoii have, however, 
been attacked by Tammann,'* who objects to the notion of a metal 
" meltiiig ” below the true melting temperaturi'. 

It appears (piite probable that at points wliere the disturbance 
is strongest, ihe crystalline metal is converted to a state which is 
entirely structui’cless and amorphous, and which may eorroetly 
lie regarded as that of a snper-eooled liquid. At othei’ points, 
liowever, the erystallino structure, altliongli moditied, is not en¬ 
tirely destroyed. The crystals are shattoreil and broken up into 
fragments ; and possibly even in the.se fragments tlie space-lattice 
may be strained, the attpns being forced out of their true alignment, 
or iierliaps forced to vibrate more in some planes than in others.® 
Sucli a state of affairs would hinder the formation of frcsli gliding- 
planes, and w'oiild account for the unyielding character of the 
strained material. 

1 CT. T. Boilby, Phil May. 8 (1904), 208. (J. 'I'. Bt'ilby and K. X. Boilby, 
Proc. Hoy. Soc. 76 [A] (1005), 462. 

^ .r. Johnston uiul L. 11. Adunis, ./. .Iwtr. (JIh 'h. Sor. 34 (1912), JOS. 
J. Joliii.ston, if. Afttcr. Chern. iSuc. 34 (1912), 788. « 

^ N. Knrnakow and S. ^einczuzny. ZcUsAi. Ationi. VIu ih. 64 (1909), 177. 

^('3. Tammann. Zeitsch. EUkirochan. 18 (1912), 581; Ze.ltsch. Atiory. 
dhern. 92 (1915), I»7. See also E. Heyn, PiL .4.v.v. Tcaf. Afa/., 0th Conf/re.-id 
(1912), First Section, II, i., p. 43. 

• Interesting views of the changes eausod by cold work .uro advanced By 
W. von MoeUoridortT, hit. Zcitsch. Met. 6 (lBl4), 44, aiul by A. McCance, 
Trans. Faraday Soc. 10 (1914-16), 267. 



168 


METALS AND METALLIC'COMPOU/sDS 

Wliak'vo^ viiw is taken pfitlie theory of the process, tljcrc is no 
donlL about the pnjctickl cfTccts’iipon metals of mechanical work 
at lo\ fcmperatnresA When co|)per is drawn out into wire “in 
the coid ” o^reat increase in the tensile strength ^ noticed ; the 
'•old-rolm';g of brass and other materials into sheets or strips causcji 
an'inorease in the hardness. A metal like aluminium maybe very 
perceptibly hardmu'd by being hammered in the; cold. The punch¬ 
ing'of a hole in a metal plate often causes cmisiderable hardness-- 
sometimes accompanied by brittleness--around the, opening. The 
properties of a metal are likewise greatly ikoditied, when it is re¬ 
duced to the state of filings.' 

Indeed, the cnld-v\oi-ked and annealed forms of the same metal 
seem to beha\ e as though they were two dilTercnt substances ; a 
thcrnio-co\iple in which the two, elements consist of cold-worked 
silver wire and ann<‘aled silver wire gi\ es a \'ery appreciable E.M.F.’ 
Further, the electrical conductivity changes when a metal suffers 
deforil.ation in the cold ; the conductivity of annealed copper 
wire is 2-7 per cent, higher than that of the cold-drawn variety.-' 

In- addition, the chemical pro])erties (jf a c<ild-worked metal 
differ from those of the anneah'd variety. This is not altogcthei' 
surprising. Since the chaotic arrangement of atoms is less stable 
than the crystalline arrangement, it is to be e.xpeeted that the 
amorphous or pseudo-amorphous metal will be less resistant towards 
chemical action. It is even thought possible by Billby to separate 
the crystalline metal from aii aggregate containing both varieties 
bj' dissolving the amorphous phase in a suitable 7'cagent. Foi' 
in-stance, if gold is beaten out into lh(! finest gold-leaf, most of it is 
converted into an apparently amorphous condition. On etching 
it with potassium cyanide, this “ amorjihous ” gold is dissolved 
away, but miniiti' units of crystalline matter which have survived 
the drastic treatment are left undissolved^.^' 

If the “ amorjihous ” or disorganized material is more susceptible 
to attack than (wystalline material, it is to be e.vpected that a cold- 
worked metal will appi'ar to be a less resistant - or le.s.s “ noble ”— 

^ A flceounj-yot’ the effect of cold work on iiioUils is given by L)! K. 

rye, J. lust Met: 6'(i911), 105 ; O. W. Ellis, J. Inst. Met. 21 (1919), Alt). 

^ Coinpure T. M. Lowry and K. (k Parker, Trun.-i. Chrm. Soc. 107 (1916), 
1005. 

3 G. T. Bcillfv, Pror. Roy. I^ur. 79 [A j (1907), 474. 

« F. A. Wolff and P.S. liar. Slan<l. llidl 7 (1911), 118. 

* G. T. Beilby, J*rnr. Roy. i^oc. 79 [A ] (1907), 405. Tho existence of 
crystalline units in gold Ictif, limt is of giiJUjis of nlojos retaining an ordered 
aiTfingcincnt, is connnncd by an X-ray study of goi<l leaf; Mr. A. Mtillor 
b..8 very kin^'ly jurpared for me u ronigeuograin of gold lenf wliicli .shows 
lines which woiiid afipcar to i'-idicate the presence of a crystalline stnusture 
in the leaf. ISeo U. K. Evans, .J. Inst. MH. 27 (1922), 199. 
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substance than the .sainb metal after iijmpiling. ThRs is^ ui general, 
the case,* apcl is a matfer of conshleral)l(^ i|iipor|ance in the s(/cucc 
of electro-chemistry. It has been .stated, howc^ver, that, i»r/i few 
metals, such QjS copper and alinniniura, cold-work^ jcndj/s the 
Ijietals less susceptible to the attack of certain etcfiing a^jents.^ 

Wo may summarize the matter by saying that a cohl-worked 
jnetal differs from an annealed imvial not only h\,itifch(miciU ))ro- 
pertie* but in chemii'itl, e.lcrtw-chemical, etertriml and Iher^mi- 
eicciric pro})erties also. 

Failure of Metals Subjected to alternating Stress. When 
a ])iece f)f metal is subjected to alternating .stress, that is to the 
a|i})]ication of tension and compression alternately, it is liable, 
after withstanding several thousands of these alternations, to 
become brittle and to fracture, iiueb eases of failure -wbieh may 
occur wlien the stress applied is very much less than the ma.xiinum 
stress as determined by the ordiniiry tensik' tests—are well known 
to engineers, who ascribe them to ' fatigue." ft has been thown 
(hat there is for I'aeh mat.ei'ial a limit kiiouii as the ■' endurance 
limit." ‘ A,4 alternating stre.ss lielow the endurance limit will itever 
ean.se failure even though applied for many millions of alternations, 
lint any .stress above this linni will linally cause failure : and tli<^ 
miinber of alternatioos needed to eaii.se failure deiTea.ses as we |)ass 
farther .slid farther above (he "endurance limif." 

'I’ho fatigue of a metal appears (o he yet another example of the 
radicle elmngi' in properties brought about by repeated cold-work. 
The mailer lias been studied by e.xaminiiig tlie sjieeimen at inter¬ 
vals during an altenialing slri'ss (i‘st. .Slip bands may be .seen 
on (he .s|iecimen after a feu iillenialions. .\fter further appli¬ 
cations of stye.ss tho .slip hands increase in number and some of them 
become broader, and linally develop probably after many thou¬ 
sands of alternations- -iVo cracks ; when the cracks in noigbbour- 
ing grains meet one another, so as to form oni- long crack through 
the whole specimen, fracture will occur.’ 

Where a .specimen of metal eontains internal eavitie.s, which 
cause the stre.ss ipion the portions of metal surrounding them to be 
greater than el.sewhero, the damage will often i'»ommence»iit the 
eavitie.s, and will gradually .spread throughout the material. 

If the failure of metals by fatigue d(“|)ends on the formation of 

^ W. IT. W'ulker nud C. Dill, Traits. Aincr. hJlcvIriK'hctn. Sor. 11 (1907), 1 “i3. 

“ J. Czodhralski, Kiseti, 35 (1915), 1074. 

^ J. A. Ewing and .1. 0. W. Humphrey, Thil. Trans. 200 [Aj (1003), ^41. 
Other interesting work on latigne is described by B. Hopkinsij^i, Pivt\ Ho^ 
jS’oc. 86 [Aj (1911-12), 131. H. Honkinson aitd (J. T. 4\'iJli^in.s, Proc. Roy. 
tb'or. 87 [A] (1912), 502. 
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slip bajidiJ, it is to be expected that the straining of the metal within 
the ^ngo of perfect elal»ticity—^hich produces no slip>bands—will 
be iiVitpable of sausing failure by fatigue. One authority has 
suggesh^l tbiit;,the “endurance limit ” is identic^al«|vith the “limit 
;!f proportionality.” ^ » 

There is—or, at least, tlierc was— a common bplief that metals 
become crystaUtno under an alternating stress. This is ^wrong. 
The fi'acturo caused by fatigue soniotimo.s ‘“shows up ” the crystal¬ 
line structure of metals particularly well, but the crystalline struc¬ 
ture was there long before the stress begail.- 

Hardness of Metals. .Many of the forces to which a body 
eome.s to b(i .subjected tend to produce alteration in shapr;- - not 
to the body as a whole— but to the surface of the body only, i)ro- 
ducing scratches, indentations'or perhaps general wear. The 
power to withstand these superficial dianges is v.igucly terrarsd the 
hardness of the body. Tf the sir.face layer of the matjju'ial is the 
same as that of the interior, the hardness of the body should be 
closely connecterl with the strength, as determined, for instance, 
by the tensile tests. In many instances, this is founrl to be the 
case. Often, however, the structure or composition at a surface 
is different from that in the interior, and in such cases it is not' 
to bo expected that there will be any connection between the hard¬ 
ness of the surface, and the, strength of the material as a whole. 

Various methods of measuring hardne.ss have been devised. In 
the Brinell test, a steel ball is pressed down with a known force, 
upon the surface to be tested ; the diameter of the circular im¬ 
pression produced is then mca.sured, and from this it is easy to 
calculate the sti’ess (or force per uiut area) which the metal with¬ 
stood when the ball ceased to penetrate, further into it. If the 
material of the surface is similar to that of^thc interior, this should 
be roughly proportional with the, niaximwtn stress ol)taine<l on the 
tensile te.sting machine, and generally speaking this has Ijeen found 
to he the case.'’ 

Another prindple is (unbodied in the Shore test.^ Here a steel 
ball is dropped from a known height on to the surface to bo tested, 
and tffe height to which it rebounds is measured. The harclCT the 

1 W. K. iJalliy, I’hd. 'fruns. 221 fAl (1920), i;i7. Compare C. B. Stro- 
meyor, Proc. Roy. Soe. 90 [A) (1914), 4JJ, who measures tho endurance limit 
by detfuunininf^ tiio sjres.s at whirdi tlie specimen undergoing alternations 
becomes }ioi'(;eptibly*lieuted ; t(ii.s will bo tho stress at which tho specimen 
()Ogins to undergo phtstie, its .ipposed to rln.shr, deformation. 

F. C. A. H. I.antsberry, Pnyiitrt-.r, 119 (191.7), 68. 

* H. Lo Cljntelier, Rev. Met. 3 (1906), 089. Further inve.stigation3 regard- 

iVg tho Brinel!*’nethod tiro desiirihed by .\. Wahlberg, J. Iron Steel Inst, 59 
(1901), 243. ' 

* A. i’. Shore, Amer. Machinist, 30 (1907), 747. 
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material, the gi-eater yie rebound, irhc height of rel«;1ind is ex¬ 
pressed as M percentage of the ‘height fiJom whicli the ba)^ was 
dropped ; the percentage numbers obtained are under faf(y;irablc 
circum.stances ioi^hly proportional to the dantic lir^il a.s n;Aasured 
in the tensile test, 

A third type pf method is employed in Turner’s sceleronieter. 
A weighted diamond point is moved over the .surfuee to lie te.stc^d. 
Tlie weight needed to'produce a .seratel) of standard appearance 
is determined; tliis is a measure of the hardness. 

It will bo evident tliat the term Irardjiess is not an e.xact one ' ; 
it is used by some persons to mean “ i'esistanc<' to indentation,’’ by 
others to mean “ resistance to scratcliing ” ; ottiers, again, employ 
it to signify “ resistance to gem-ral wear,” whilst, some even regard 
the term as synonymons with "'♦■utting power.” In some classes 
of materials, the. degre<‘ of resistance to one sort of deformation 
may be an indication of the resistance to another sort; but this 
is by no means alwaj's true, .\mong the steels, for in.stanT-e, the 
factor napiifcd t.o convert the ” Krinell nuud)er ” to the “ Shore 
number ” -^irics considerably according to the type of steel teMod,- 


If it is desired to measure resistance to indentation, the Rrirrell 
lest should be used ; if rcsistanc(.i to scratchijig, the Turner test is 
available, Whei'e, however, tlu^ resistance to general w'oar of a 
material r: to be arrived at, it is necessary to construct some- machine, 
which will reproduce the conditions t.o w’hieh the material will be 


subjected in actual use, and then to measure the amount of metal 
worn away in a given time, Sanniter has devised such a maidiinc 
for mea.snring the wear of steel rails, it is noteworthy that the 
tyjie of steel found by 8a.nniter to give the best results in the wear¬ 
ing test, hiis quite a low hardne.ss number wlien tested by tln^ 
Rrincll method. Similarly, to e.stimato the. cutting power of a 
steel, the only methodVhich is of real u.se is to prepare a cutting 
edge and determine its elliciency by means of a lathe lest : Ihi^ 
ilrinell and Shore hardness numbers give little indication of the 
vaJui! of a material for tliis purpose.' 

Beilby’s Theory of Polishing. Another e.xample of deform- 
ation^restricted to the snrfa.ee of metal is proviti^d by the*})rocess 


• 'I'. Turner, ./. InM. Mtl. 18 (11)17), S7. .T, W. Criiggs, J. Sor. Ohm. 
1ml. 37 (1918), tt T. 

K. Shore, ,/. Iron Stni Inst. 98 (1918), .79. Sin H. HudlieW, .!. In;, 
S(e,’-l In.< 98 (1918), lil). 

K. II. .Smmitcr', livu Steel Itiet. 78 (1998), 73 ; Int. .l.es. Te.st. ^lat. 
iilli Comjress (1912), First SKtion, HI,i. Thu connection betwoeii resistance 
to wear mul hardness is discussed also by T. Turner, J. Inst^ iftet. 18 (191 
90; h’. (;. A. H. hantsberry, J Inst. Met. 18'(1917), 112. 

' J. 0. Arnold, J. Iron Steel Inst. 93 (1916), 102. 
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of polisliirt;^; if. differa fronj Ijic examples considered above in that 
jwlisking renders the surface smdothcr, instead of loss.smooth. 

At wne time polishing was regarded as a kind of minute abrasion ; 
the piWetin^ ^portions of the rough surface were, jt w'as thought, 

^ ’voi'n a\ray by the action of the poli.shing material.' It has, however, 
be?n shown that polishing generally consists in making the material 
flow down from,the minute projections on the surface, and fill up, 
or eover up. the dejn-essions. Thus, wheit the polishing is com¬ 
plete, the whole surface is covered over with a smooth vitreous 
layer of more or less ■' amorphous " metal, fmoduced by the action 
of cold w'ork, the layer being often si)oken of as the " amorphous 
vainish.” 

The formation of this surface film depends very largely on the 
nature of the poli.shing ])owdei’ psed. When ferric oxiiki (rouge) 
is ndibed over the surface, the particles exert a remarkable drag 
upon the surface atoms of the metal, (ciusing rapid “ smearing.” 
Alumkiium oxide exerts a smatler drag upon the niAal, whilst 
magnesium oxide has often \ery little true polishing action, 
behaa'ing more like a line abrasive,' 

Presumably there exists a. greater attractive force betweim the 
atoms comjiosing the rouge jjarticles and the siirface atoms of the , 
metal, than exists between the atoms of the magnesia ])arti(des 
and those of the metal. This is confirmed by the fact that a. certain 
amount of rouge is actually retained in the surface lihn. Silver 
polished by rouge has a darker lustre than .silver jiolishcd with 
magnesia : oceasioTially, moreover, where the rouge u.sed is too 
soft (not having bciui heate<l suili(uently during manufacture) the 
silver after .some time develops minute black dots on the surface, 
which arc nothing else than small particles of ferrii^ o.xirle.- 

The nature of the polishing ju'oce.ss is well shown by some experi¬ 
ments due to Beilby.-' A piece of antinuH^y is gi'ound down with 
emery paper, the linal grinding being carried <iut by emery of 
extreme fineness. iS'everthele.ss, the sui'face can be seen under 
the microscope to lie covei’ed with .striations, icpresent ing the 
minute furrows left by the emery. It is now' polished with wa.sh- 
leather^sprinkled^ith rouge ; on examination under the micro.scbprs 
the striations have for the most part disappeared, a film of liufial 
having spread over the whole stirface, sometimes filling the furrows 
and sometimes bridging over them. When, howcivcr, the metal 
is etched with p(]t*.ssium cyanide solution, the .striations reappivar ; 

* *v\. Kos<‘i)liain, .7. Iron Stfi:! Jn.st. 70 (llHUt), 107 ; ospocially fotjlnulo. 

* “ See W. 1+oKonhain, Engineering, 96 (1013), 510. 

^ G. T. Beilby. Pror. Poif. 72 (1003 4), 21H. See hI-s(i JaortI Kayloigh, 
Froc. Opt. Conv. (1905) 73; W. Hosciihain, Proc. Opt. Gone. {1005), 70. 
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tlit^ potassium (iyaiiide* disstflves tiie amorphous tifm jiyil roveuls 
the furrows^ whicli word prcviouslj' hidth’ii jiehiijd it. Incidentally, 
tlio (experiment affords an illustration of the preferential ittack 
of an ctcliiiif; aaent U[)on the ainoiphons |)hase. th(» ery/allime 
metal being afiiumt untouched by the cyanide, * ’ ■’ 

Another interesting e.xiaeriment concerns the polishing of a 
specimen of cojljier, the surface of which contain^ numerous pits, 
due t3 gas included in» the metal at the time of casting.' W4ien 
the surface is polished the pits disappear, the anior[)hous film having 
flowed over and hiddm them. J5y cautiously et(!hing away part 
of the amorphous tilm, Beilby reached a stage when the remaining 
portion of the film was so thin as to be transparent, and the pits 
were then visible through the film. When the etching was carried 
farther, the rest of the tilm was )-emoved, and the pits reopened, 
with the same appearance as at the start. 

\hirious other operations of mechanical work arc believed to cause 
the ])re.sei*:!e of a liard glu.ss-like*fllm upon the surface of metals, 
]>articularly those of drawing and rolling at hnv temperatures. 
Cold-drawn copper wire is strongen- and harder than hot-djawn 
wire of thf .same composition. .Many authorities have long be¬ 
lieved that the added strength of the cold-drawn wire is due to a 
hard glas,sy skin of " amorphous ” copper upon the surface. Doubt 
has, hoi 'wer, been thrown on this view by recent investigations-; 
the hard kin, where it exists at- all, a]>pears to be due to oxide 
scale rolled into th(( wire.' 

In the case of a brass tube, on the other hand, the e.xistence of 
an aj)])arently amorphous surface layer a|ipears to be established. 
It has, in fact, been found possible to .strip the layer from the 
granular materiid below, by the action of dilute ammonium chloride.^ 
'I'he layer projxu' is .structurele.ss, but a good deal of cru.shed or 
sub-crystalline nuderia^ from below is usindly found adhering to 
the lower surface, * 

Annealing. Mechanical deformat am, as has been shown, 
cau.ses the atoms of cast imdals to abandon the orderly array in 
perfect crystals of apjrreciable size which re])i'esents the condition 
of fnaximum stability ; even though the crystal 'jt-ructure »-ay not 
iit •any case—be entirely destroyed, the crystals are shattered 
into small fragments, and the lattice is ])robably distorted and 
even in places obliterated. The final chaotiy state represents a 
much less stable arrangement than the first*. It w'ould seem 

' G. T. Boilby, I'ruc. Hoi/. 6'cir. 89 fA| (1914), r,9;i. 

" K. H. Pierce, Proc. Avier. Sov. 2V.sr. Mat. 17 (1917), M.5.« 

" L. Addiekfl, Proc. .itttrr. Soc. Te/tt. Mat. 1}(1917), 122. * 

' G. t). Bengoupti, B. .\1. .font's (ttid K. l^irrt't, /n.st. Met. 2.1 (1920), SO, 



174 


METALS ANff METAJ.LIC, COJkIPOUWDS 

natural therefore that, as soon as the cxtornal stress is removed, 
the atoms Should commeilee' to Rearrange 'thomselves in a stable 
srystU^'ray. In soft metals, like lead and tin, the atoms have 
HufficiW fj^eedom'of movement at ordinary temperatures for this 
reorgan^zatioliHo commence spontaneously. In titficr metals, it is 
accessary to raise the temperature before the atoms acquire th6 
fiecessary mobility to revert to the most stable arrangement. The 
arofcs.s of maintaining a piece of metal at a.n elevated temp»rature 
<o as to rmnove the ell'ccts of strain is spoken of as “ annealing.” 

The first (dfeot of annealing at a fairly lo\^ temperature is simply 
o remove the internal stresses which are ahr ay.s preseni in deformed 
netals ; it is found that the annealing of cold-worked bra.ss at a lo«' 
-emperaturo (200-250° 0.) is capable of remo\'ing entirely the 
nternal stresses, which predispose the bras.s to season-cracking, 
vithout altering perceptibly thc'spccial hardness which has been 
:aused by the cold-work.^ Aj)parently in the portions whore the 
doins„are only slightly removed* from their true positiens on the 
■pace-lattice (thus producing the internal stresses), the atoms 
■evert to the most stable ai'rangement. and tlu^ distortion of the 
attice disapf)ears. • 

More vigorous annealing ))roduces other ell'ccts. The metal 
o.ses its acquired hardne.s,s ; it ceases to b(' brittle, and becomes ‘ 
luclile once more. The clastic limit and yield-point, which were 
0 much raised by deformation, are again greatly reduced. This 
narked change of physical properties is accompanied by a change 
4 structure- namely by the growth of certain crystals at the 
xpense of others, and in some cases by the appearance of fresh 
rystaks in the material. Apparently in the portions where the 
riginal crystals have become broken up or disorganized as a re.sult 
■f the deformation, the atoms connnence to rearrange thcmselvc.s 
■I perfect crystal-array, but the orientatiojj will in general not be 
he same as that existing before the metkl was strained. Where 
he deformation of the metal as a whole has been small, certain 
rains which have escaped serious disorganization may act as nuclei 
poll which the atoms of the shattered material all around them 
an commence to rearrange themsclve.?. In such a case, tljesc 
rains will commmice to grow outwards into the shattered mi^terial 
round them, and we get the phenomenon which Prof. Carpenter 
nd Miss Elam have named grain-growth. But where the dis- 
rganization of tljo’ crystal-structure is great (e.g. at the grain- 
oundaries), crystallization may commence from nuclei which 
rigj (apparently spontaneously) in the disordered material (just 
.1 crystallifc,‘j appear spontaneously in a glass when it undergoes 
■ H. Moore and S. Beckiasale,./. /ml. Met. 23 (1020), 225, 
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devitrification); this leads to tiu' appearance of>entirely fresh 
crystals, and the phenomenon haij beAr termed recrysAllization. 

The eftect*of annealing upon structure is Veil illustrated by .some 
experiments upon zincA When a. east piece of zinc ^s styhined 
by compressiorp*in<a vice, the beautiful granular stru^tiirc is'gradu¬ 
ally obliterated. When the stress applied has been but feeble, the 
outlines of the original grains can still be distinguished in a section, 
although the grains arp hopelessly broken u|); wlien a gref!,ter 
stress is applied, all signs of the original granular structure dis¬ 
appears, and the appei^-aiice in an ordinary micro-section becomes 
almost homogeneous. If the strained metal is annealed, however, 
f lic structure once more reverts to that of large equiaxed polygonal 
grains with smooth well-marked boundaries. 

II. is not. true, however, to say that a piece of cast metal which 
has been deformed and then anliealed, returns entirely to the 
original structure. I'Vir, in the first place, the grain-size after 
annealing is often not the same as that of the cast metal'. ^ome- 
t.imes it is coarsei'- which is liable to weaken the article. Secondly. 

I he grains of t he annealed metal are m d always accurately equiaxed, 
being often*elongated in one direction; where, for instance, the 
article had Ix'en deformed by rolling, the grains will sometimes be 
'longest in the direction of rolling, even after annealing. Thirdly, 
in some metals, twinning can be seen in the metal after annealing, 
although absent in the original casting. Finally, it may bo re¬ 
marked tluit the boundai'ies of tin', grains shown in sections of 
strained and annealed specimens are usually mucli .smoother and 
.straight('r than in ordinary east metals. 

Tile grain-size of the metal after annealing is alTi'eted by at least 
four faetors : 

• 

(1) the degree of deformation, 

(2) the temiieratuil^ of a.nneuling, 

(It) the duration of annealing, 

and (4) the presenee or ulcsence of obslrnetiv<‘ im|mrities. 

These factors will be discussed in turn. 

The effect of the degree of deformation«jm grain^ize is 
showtpclearly in eases where a pioec of metal has been (h'formed 
by a non-uniform stre.ss, Ji’or instance, if the surface of a piece 
of steel is indented by pressing a Jiard ball ipto it, and is then 
annealed, a section at right angles to the surface rtio'w.s three zones 
(Fig. 40) 2 - 

• 

* 0. TiinoWef, Hev. Met. 11 (1914), 127 ; Cmnptes Hetul. 1«5*(1912), 43C.* 

^ A. Sunvftnr, Int. Aha. Test. Mat. Uh (''(yngress {19I2), First Section, If. fl. 
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Zone I (Fine,unchanged) 


Fin. 411.— Zimi's priKiunocl on aunoo.liiig ii noii-imil'ni'nily strninod piror at' 

Metal. 

I 

Zone I. The main body of the steel far from the iiideiit-ation has 
(dearly been subjected to a very snudl sti'ess, and naturally has 
undergone no apparent chanije. 

Zone II, rather elo.ser to the'indentation, has clearly been stdi- 
jected to a greatei' stress ; here we find verp bU/ ejraints, very nnudi 
biggey than those of the origin'.l steel before straining,. 

Zone III, wh i(di is iK'.xt to the indentation, where the stress 
must have been greatest, has, however, murh smaller (jraiiu. the 
general ajjpearanee being actually \’ery similar to that of the un¬ 
changed Zone I. 

Zones II and 111 pass insensibly into one anothei', the grains 
becoming gradually smaller as they approaidi the indentation. 

It may appear anomalous that whilst a mod('rate stress causes 
so great an increase in the size of the grains, a much greater stre.ss 
causes practically no alteration in the grain-size. If, however, it is 
borne in mind that crystallization from the strained disordered 
state—like the crystallization from the fused state—jirobably 
starts from nuclei, a regularity is at once appanpit. .For the 
phenomenon can be tabulated thus : 

Zone I. Stress very small. No fresh crysiahlizatinn ; grains 
remain small. 

Zone II. Stre.ss moderate. Ciystallization from a j'eiv niicki ; 
hence very larye. grains. 

Zofie III. Stress high. Crystallization from many nuclei; 
hence small grains are jtrodiiced. 

To express the matter in a single sentence : if an unequally 
strained piece of, metal be annealed, there will be a zone of coarse 
crystals between the recrystallized and unchanged portions. 

'The expression “ crystallization from nuclei ” is intended to 
"Hnclude tlfe two possible modes of crystallization which, as already 
explained, may occur during annealing. Our knowledge of these 
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Ls largely to the rhia-iit‘(ixpcriiin'iit.s of Prof. tjar^«nter and 
Miss Elam.*, They arc ^ , 

(a) Crystal-growth, eliaraetcri.sUe of aniutiliiig afldl'^ wiM 
(Information. 'li'ii« normally loads to an inrrm.se o> grain-Size. 

*(6) Recrystallization, charactori.stio of annealing after (/redt 
(Ip formation. 'This may lead to a derrense of grain-size* . 

(a) The first phenomenon, namely crystal-growth, is (ain- 
veniently studied in tin containing U per <-enl. of antimony. If a 
polished and etched section of this alloy (the |irepara!ion is hy no 
meajis easy) is heated nndei' conditimis whiiOi give' ris(^ to crystal- 
growth, and then cooled, the now |)osi(ions of the hoiindaries of 
lli(! various grains are clearly 
shown hy vu'll-detincd lines ; the 
lines really i'e|n'i‘sent di(feriMna‘s 
of level helw(xm flu g. iin.s - 
presumahlf diui to .sonn yolume- 
change connected with the, cool¬ 
ing-process. The lines marking 
the original posit ion of the boun¬ 
daries ar(' j^)t linwe\'er obliter¬ 
ated, and, if the s])ecimen is 
heated ."or live oi’ si.x short 
])eriods, Ix lng ciioled between 
each, we shall get five or six lines 
marking the po.sitimis of tln^ 
boundary at the end of each 
" heat.” Such an alloy clearly 
furnishes a ready means of arriv 
ing at the, laws of crystal-growth, 

-It has been discovered ^in this way that, during (he annealing 
process, the boundary separating two adjacent grains of l('n ad\ unces. 
as a whole, in one direction or the other, so that one grain gi’ows 
larger, whilst its neighbour grows smallei'. Sometimes a grain 
may be invaded bj' all its neighbours, and w ill (inally disappear 
altogethei'. Such a case is shown in Fig. dl ; ^leri! the (^fntral 
grain Imd originally the outline shown by the thick line, but, on 
succeeding “ heats ” its fiv(^ neighbour.s advanced into it (the 
position of the “ frontier ” after each “ advance ” being shown 
by the broken lines) and their advance has only wased when they 
met one another at the positions indicated by the thin unbroken 
Sometimes, however, one grain may be in\ ading a neighboftr 

^ f 

Afet. 24 ( 1 ‘ 920 ). 83 ; 25 



limmdarif-s uitn flr>(, 

hliinl. .’itnl iniirDi litMi 


lines. 


* H. C. H. Carpenter and C, F. Elam, J. limt. 
(1921), 2.'59 ; I’ror. It,,,/. ,S'oc. 100 |.\) (1921), H29. 
M.O. VOL. I. 
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on oni! side, \Vlnlst it is itself being'invaded by another grain on 
another side. Oceasionally, a boundary may remain stationary 
for <fn'> or more heats,” and will eoramenee to move forward 
on thi ne.;t heat.” 

The theory of grain-growth i.s still a matter about which different 
views are. held. It seems most likely that it is the /e.s.s' strained 
(/rains (in whic'i the atoms retain their origin;}! positions com])ara- 
ti\ely unchanged) that grow into their insre, (hfonind neignbovirs, 
the disarrang(‘d atoms of the latter being compelled to rearr;iy 
themselves according to lli(‘ oiientalion of the former.' Possibly 
the form of the boundary sej)ar;iting the grains may have an in- 
llmmco in determining growth, sine;; there will be a tendency foi’ 
growth to commence in such a direction as will cause, the houiuhiry 
to “straighten out,” tlnis rednciiig the interfachU energy of the 
sy.stem.-' 

(6) Recrystallization from, new centres is characteristic of a 
higher degree of deformation. The new centi'cs appear to be 
formed spontaneously in the '■ amorphous ” material which exists 
at'the honndary <if the distorted grains and elsewhere. When 
once the crystallites a])j)ear nt the boundaries, they act as nuclei 
upon which tin; disordered atoms of the shattered grain.s e;in array 
them.selves, and the ju'oee.ss continues until the whole metal is 
crystallized afresh. The. nnniher of nuclei will be greater, the 
greater amount of amorphous nnitter (wesent; consequently, a 
high degree of defornuition is likely to gi\e a larger number of 
crystals in the linal state- :ind consequently, a smaller grain-.size - 
than ;i eompandively small degree of deformation. 

.Much information luis been derived from a study of the be¬ 
haviour of rolled :duminium on ;innealing.' 'I'lie orifujud structure 
of the rolled metal (Fig. 42a) eonsi.sts of thin hirnelhe, which imiy 
perhaps be regarrled ;>s the miginal crysl, .is of the cast metal vei'y 


* J’rof. C'iuj)enlur and -Miss JCIum luiginally thouglit, that (ho strained 
giain« j'row into tho less stmined. It appears, itowover, at variance witli 
tho ordinary ideas of crystallization that tho more disarrayed atoms should 
compel the less disartiiyed atoms to rcarray themselves according to the 
vestig(*s of orientation remaining among tho former. S(‘o U. R. ICvans, 
J. Jnst. Met. 25 (l921), 298. Professor Carpenter and Miss Kiam deal with 
tlie difficulty raised by the present writer in Froc. Roy, Soc. 100 |A] (1921), 
351. Tho view of tho present Avritcr i.s supported by C. J. Smithclls, J. Inst. 
Met. 27 (1922), 107. Sniitliclls thinks, liowover, tliat tho relative size of 
the grains is also aji important factor. Tho pre^sent writer thinks it unlikely 
that size has any direct effect. Carpenter and Elam’s experiments certainly 
seem to indicate that tho big grains do not in every case swallow tho small ones. 

* * U. R. Evans, J. Inst. Met. 27 (1922), 139. 
ir ® H. C. 16. Carpenter and C. F. Elam, J. Inst. Met. 25 (1921), 259. Com¬ 
pare E. Kassow and L. Velde, Zeilsch. Melallknmkt 12 (1920), 369, who find 
that in Cftpper also recrysfiillization eommenci.’s at tlie grain houndaries. 
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(A> 


much elongated in the direction of royin^. On annialiyg at about 
;{()()'’ C., new crystals a[)j)Our in ahfnit throe^iioui;s at the. hoiindarics 
between the.s(? lanielhc ; they can fortunately, he distii^uished 
frotn the old cryjjtal.s as they tarnisli le.s.s readily, ,an>i therefore 
show up in the micro-sections as white grains on a clarker back¬ 
ground. Fig, 42b shows three new cry.stals whicli hav^‘ appeared 
at the grain boui(daj-ies. On furthei- annealing, tli^'se new cA’itals 
s|ir(‘a(r out until Ihi^ • • 

whole mass is recrys- -- - -—. . 

talli'/.eil; the metal* 
h a s then acquired 
something of a poly¬ 
gonal strncfin'e, rather 
similar to thal of a 
east metal. It should, 
however, be noticed 
that evem the new 
crystals an' scjinewhat 
<'longated in the direct 
tion of r(jHing (Fig, 

42(:). An e.\planation 
of this remarkable fact 
may 1,- suggested. 

'rhegrowlli of crystals 
from the nuclei that, 
ari.se s])ontaneou.sly in 
the boundary will 
oc(mr more ((uii'kly in 
the direci ioji of rolling 
than it will ri(j in the 
direction at riglil ■* 

angles. For crystal- .Mnrninitirii : («) heforv im- 

.. . . , ,, iioiilinji: (6) aimculi'tl 3 huvirs a! ; (»•) 1111 - 

llZllt loU HI tllP clir(‘C- iioalocl iVtr several A\coks. 


(ii> 



tion of rolling iirvolvcs 

only the rearranging of the utterly disordered atoms which exist 
along the boundaries of the old elongated grains^,whereas gj'owth 
in the direction at right angles requires the re-arranging of atoms 
which still refain some vestige of their old orientation- a fimt 
which will undoubtedly militate against their assuming the new 
.system of orientation. • 

In several other metals, the grains produced after recrysialli- 
zation are elongated in a manner related to the direction of provioBs 
deformation.* Hut in the annealing of rolled oupro-r.iclccl, where 
’ C'nmimrc W. K. Riulor, 'I'rmis. Amcr. Inst, Min. ting. 47 (1913), 575. 
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the aiiioitpfiouB material appears to exist fiiaiiily along tlie planes 
of gliding, the new eryjstals first'appear in the gliding-planes and 
grow most quickly in the direction of gliding. Thus these now 
crystfris tetid.to become elongated in the direction of gliding, not 
in the direction of rolling.^ 

The fact, that a low degree of deformation will give rise to a larger 
grain-.size than ,a high degree of deformation is of some importance 
in 'indu.stry, because coarseness of grain is a cause of fragility. In 
t-lu! ordinary articles whieii liave undergone a considerable amount 
of mechanical working, a good deal of laliciide can be allowed in 
tlic choice of annealing conditions without fear of brittlenos.s. But 
where the degree of deformation i.s small, brittlencs.s may occur 
unless the annealing conditions are carefully chosen. Wire which 
ha.s .suffered considerable reduction of area by i)assing through a die 
rarely becomes coarse on annealing ; but wire which ha.s merely 
undergone a straightening operation - involving only very slight 
deformation—readily becomes coarsely crystalline when annealed.- 

Effect of Temperature on Grain-size. The effect of the 
anflealing temperature uj)on the grain-size produced i.s also a matter 
of some im])ortaneo in industrial work. At a higli temperature, 
a short annealing will cause grain-gi'ow tli in a piece of metal which 
has undergone' too little deformation to allow of any grain-growth 
at a lower temperature. In the technical annealing of articles, 
an unduly high lemperatui'c i.s rightly looked upon as dangcrous^— 
being likely to cau.se a coarse grain-size and cousexpient fragility. 
But, in some cases at least, this i.s due to the fact tliat the articles in 
question arc deformed to a difl'eront extent in different parts ; and 
whilst annealing at a low temperature only (anises a change of 
.structure in tlic highly deformed jiortious, the annealing at a liigli 
temperature will cause growth to occur also in the less deformed 
jiarts—with the consequent ]»roduction /if coarse, grains. In such 
a ca.se, it i.s the small dc'grec of deformation whicli is the primary 
cause of coarseness, and the temperature acts merely as a deter¬ 
mining factor which decides wlicthcr growth can occur in the 
slightly deformed parts or not. 

Thfc is shown very well by the work of Hanson on alumirtium.^ 
A test piece was cut which wa.s tapered toward.s the centre, iind v\'a.s 
strained until it broke at the centre. One half was annealed at 
450'0., the othes for a longer time at 480° 0. ; the two halves 
were etched with hydrofluoric acid, and are represented in Fig, 43, 
side by side. 

* F. Aa<)ock, .7. Inst. Met. 27 (1922), rj. 

® H. M. Howe, TraJifi.t^Amer. Inst. Miu Eng. 66 (1910 17), Mii. 

® I). Haiuson, J. Inst. Met. 20 (1918), 14i 
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It is clear that the siress per unit *r«a must have btfln greater 
at the narrow portion near the centre tha^ at broad portion near 
the shoulder. It is not surprising, therefore, to -find tlmt, In, each 
piece, the graiy it lino at the centre, b\it becomes cijaVscr as the 
slioulder is approached. At corresponding levels (and thiTcfore 
at ])oints of equal deformation) the grain-size is \'ery»nearly the 
same in both piccesq but in the piece annealed at 480° C. the re- 
ci'ystallization has extended to a point much farther down in fhe 
region of low strain ; consequently a larger size of grain has been 
reached. Similar results have beeTi obtained with other metals. 

As to whether--in a uniformlii slrcKsed specimen- -a high an¬ 
nealing temperature will cause a large grain-size or a small grain- 
size is another matter, and the answer is different in the case of 
different metals. In brass ' and • 
in tin," for instance, a high lem- 
perature of annealing ha,s been , 
shown to*e.anse a coarser grain 
than is i)rodueed by annealing at 
a. low lemm'ratnre. other things 
being e(|nal. On the other hand in 
zine^ and in ainminium,'' a. high 
temperature’ jeroduees growth 
from im.!,y (auitres, and conse- 
((uenlly a liner grain-size, than a 
low tcinperature. 'I’wo American 
metallographists, Howe''and JelT- 
rios,® have laid great emphasis on 
the production of coarse e.ry.stals 
at the so-cslled “ germinative 
temperature that is the lowest temperature at which a given 
pieiH' of deformed metal' \vill show any alteration in structure ; it 
is. of eonr.se. lower for highly deformed metal than for slightly 
deformed metal. They consider that at the germinative tern- 
))eratur(‘. only a few grains (tho.se mo.st favourably situated) will 
become “germinant” (i.e. will start to grow) and coirsequently 
a eoHi'se structure will be produced. Experiment* have bor n de- 
scribeiT to show that if a metal win^ is Inaited (lectrioally, so that 
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Kk;. til. Taporoil Alinniiiiuni 'IVsl; 
Uiir armt'iiiod : (A) nl- 480^ C. 
I’uf iniiiuto.s; (B) at 450'^ C. 
for 5 niiiniti's. 

J]:is(“d "M photograph bj’Hiui.'ion. 


^ C. "H. Matliowson and A. riiillip.s, Trans. Amer. Inst, Min. Ena. 54 (1016), 

61)8. ' ^ j \ h 

“ J. hit. Zeitsch. 8 (1916), I. 

' (». Musing, Zeilsfh. Meiallkundr, 13 (1921), 425. 

* H. C. H. Carpenter and C. F. Klani, Proc. Roy. Soc. 100 [Ani921), 329. 

H. M. Howe, Trans. .Imrr. hist. Min. Eng. 56 (1916-17), 'm. * 

® Z. deffrice, Tram. Amer. Insl. Min. 5# (1916), 658; 56 (1916-17), 
^62 ; J. In.st. Met. 20 (1918), 109. 
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the centitll' jiortioii is just i‘ibo\ e the geruiiimtivc teinperaturc, 
and tlie surface of the fvire (owing to radiation) is just below it, 
the “^gbrminant ” grains of the hot interior will grow outwards 
into the ‘^'inert ” exterior portion, and thus iprpduce a coarse 
radial structure. In explaining such jihenomena, the conceptia’i 
of a “ gerininative teiujicrature ” may be extremely useful; the 
conception has been applied especially in discussing the important 
question of the grain-size of tungsten. Buf many mctallographists 
consider that it has been used to interpret cases which could more 
conveniently be explained in other ways. If the production of 
coarse grains at the gerininative temperature were a common 
occurrence, one would expect that, in ordinary annealing practice, 
the rate of heating up an article through the gerininative tempera¬ 
ture would be of vital importauce. For if tlu' article remained 
for any appreciable jieriod at the germinatiic temperature, one 
would imagine - on the Jeffries,-Hovi'e theory—that coar.se grains 
wouhf develop. Actually, hoviever, the rate of heating seems to 
make little difference.' Coarse grains only develoji where the final 
tentperature is unduly high, or where the degree of /leformatioii 
has been abnormally low. 

Effect of Duration of Annealing. 'The time during which 
annealing is carried on clearly affects the .state of the metal after 
the process ; but, if sullicient time is alloweil, a stage is always 
reached in which continued annealing seems to have no further 
effect. This cannot occur until the various growing grains have 
met one another at all points, and may not occur even then, since, 
occasion,ally recrystallization is followed by the growth of the new 
crystals into one another. iSooner or later, however, a .stage is 
reached at which then' is no further change ; or at any-rate the fur¬ 
ther change is so slow as to be capable of being neglected. 

The time required to reach this final 4age depends very much 
on the temperature. A very small lowering in the temperature 
will increase to a most remarkable extent the time required to reach 
the completely annealed condition. In iron, the time required ,at 
different tenqieratures to reach a corresjionding condition (not 
necessSrily the final condition) is shown on the next page.- 

Effect of Obstructions on Grain-growth, .\nother very 
important factor in determijiing the resi.stance of a material to an 
exaggerated giaiiv growt.h is the presence of inqmril ies ; if the grains 
of the original material were separated by a network containing 
a Isccond metal, or an inter-metallic coiiqaiund or a carbid(!, the 

^ * Compare A. Phillips and <1. ('. (Icrrier, Met. Chem. Entj. 20 (1919), (122. 

^ According to A. I'l, Whitf'; aial H. F, Wood, Eroc. Amer. h'uc. Ted. Mut. 
16 (1910), 82. 
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growth of fiic.li gi-ain- -as will be roiwlily iiiKlt'i'.siood- is liiiidoretl ; 
iiioiusioiis of slag witlftii the inotal prodiioe a similar oli'tatt.* 
Where till! impurities occur in a banded arrangement throughout, 
the metal, as in the latse of “ piiiirlitie ” steel, the obstruction is 
naturally most pronounced ; and it is not surprising to lind that the 
tendency of iron and low-oarhou steel to coarsen ” on annealing 
falls off rapidly as the carbon-(sintent increases.''^ 

'rile presence in metallic tungsten of certain oxides, such as 
thoria, liiite, and in a lessei' degree alumina, has a very ir.arked 
effect in restraining the grain-grouth on annealing : the impurities 
collect at the grain-boundaries when the metal is annealed, .and 
prevent the growth of one grain into another.-* 

Objects of Annealing. 'I’he object aimed at in annealing a 
metal differs in various eases. 

If it is desired * to subject metal to considerable change of shape 
(for instance, to draw out rod into thin wire), the deformation 
I'cnders the mei.iil hard iind brittle ; and. if any attemjit were made 
to can-}' out the process in one step, the metal would certainly 
fracture before the desired effect was jii'odueed. (,Vmsei|uently, 
after a certain amount of deformation has oeenrred, the metal is 
annealed at,a fairly high temperature : the annealing removes the 
effect of cold work, reduces the elastic limit, rendering the metal 
ductile once more, so tlmt the deformation jiroci-ss can be (amtinued. 
By alternate annealing and deformalion the process can continue 
until the jiroduet is of the desired form. 

The annealing of a linished article, has, however, a different 
object namely, to remove tin- internal stresses which hav'e already 
beert referred to (see page 164). .'\n object which has acqi*ired its 
shapc'through cold-work, although to ontavai'd appearance stable 

' Coinpnro the views uf (!. 'ttinuniinn, Xt-llsrh. .l/ierr/. Cht'in. 11.4 (1920), 
175, 170. , 

** C. Chapell, ./. Jmn titeel liisl. 89 (I9M), .1,89 -491. II, M. Hnwe, rran.s. 
Avu'r. JtiMl, Mill. Kiiff. 5(i (1910 17), r,H0 ,5,S7. It. Jl. .Sherrv, Tnin.'i. J-iiriidiiy 
AVa.-. 12 (1910-17), 2,8.7. * 

*' C. J. .Smitliells, ./. /a.,/. Mil. 27 (1922), 107. -> 

•* 11. U. Boiigough iiml O. F. Hnilsoii, J. !».< Md. 1 (1909), 89; F. C. 
Tlioinpson, Traii.i. Faraday Foe. 12 (1917), 30. 
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enough, i.s,inU.rnally in a state of stressA In a cold-drawn h-n 
for mstanco, the outside layer is h; a state of tension and the oentra 

K 44 suggested, f'iinoifully, i, 

ig. 44 (i/bviously, since the bar as a whole da;>s not elongate o 

shrink, the forces balance one another ; obviously, aiso the Lesse 
are in every part less than the “ inaxi.nun, Lss •’ wli ch Tk: 
■uaterial can wjthstand. But a very little extr, stretchh^rfot^ 
may cause the maximum stress of the outer paVts to be excteded 
and cracking may result, therefore, by the exterml annlicf 

wh ch'lias a t eii"‘ r-''' S“ch as ammonia, 

cairn e ce t 7 7'" "'‘■^'^■g''''‘n«lar material, may 

u iimcnce to eat away the metal at the boundaries of the grains 

Ihc internal tens.onal stresses aid the action by pulling apart the 

grains ivherever the inter-granu¬ 
lar cement has been removed, 
thus opening the cracks betweei! 
the grains and allowing the 
corrosive agent to penetrate’ 
faitlicr. In this ufiy the phe¬ 
nomenon of season-cracking 
referred to in the last chapter 
- may occur. 

Evidently, therefore, the in- 
teiaial stre.sses due to cold-work 
must be removed by annealing, 
before any article can be looked 
upon as trustworthy. The tem¬ 
perature chosen must be high 
enough to acconijilish this ; but 
an umluly high temperature is 

in some cases, even where there k nv k • ^ Mou-over, 

temperat.,. „ 'L “‘1',;" ''t'' 

•tolghte, o 

‘ K. Heyn, /nit, ji/^, 12 tiOUi ■ r , , 

(1912), tl, p. 4/1, YY' 11 * II Mat. ii/h Congrem 

2a<1919), 67 ; W. If. HaMeld 'L lT f T''J’’ 

md S. Becldnsule, ./. Inst. Met 23 ( 19 'C(n% 9 r ' ’ ’E Moore 

3. Beckinsale'and C. E. MdlLon 7 = «• Mo-u-e, 

(^audrey and W. E. H. N. 
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already been explained* this may, lo^Jg^afterwards,'lea*l»to inter¬ 
granular crafking.i * , 

Penally, it should be pointed out that the annealing of i»on and 
steel may have a third object, narpely, to “ refine ” » c(iarsc struc¬ 
ture. This refniing is pos.sible in thos(^ metals and alloys which 
undergo allotropic changes at high temperatures ; in the ea.so of 
iron, there is a complete crystallographic rearra»gemcnt df the 
atoms,’when it is heatftd above a certain temperature, which' is 
about 900° C. in pure iron, and rather lower in iron containing 
carbon. All traces of the .structure present at ordinary tem¬ 
peratures can thus be remov^ed, and by cooling from this high 
temperature, a finer structure may often be obtained than was 
pre.sent before the annealing. (Consequently for iron and steel 
the connection between grain-sizeuind annealing conditions differs 
considerably from that existing in the majority of metahs. 

Summary. Any metal, when strc.s.sed beyond the “yield- 
point,” snIVers pc^rmanent deformation. Sometimes this i.s caused 
l)y some portion.s of the grain.s sliding ov('r the other portions along 
■■ gliding-pl%nes,’' a gliding-j)lane being n.snnlly a possible (deavilge- 
))lane ; sometimes, especially in the ease' of local eomjiressional 
■stresses, deformation occurs by “ twinning ” ; sometimes again 
it appears to octmr by gradual dislOTtion of the sj)aee-lattice as a 
whole, if stressed b(\vond (he “ maximum stress,” the imdal 
thins out .it a point and fractures. “ Uiictile ” metals are able 
to suffer eonsiderabki elongation before they fracture, ductility 
being determined by the power to form gliding-jilanes readily ; 
metals, which cannot accommodate themselves to sudden stresses 
by gliding, and which therefore fracture readily upon shock, are 
said to be “.brittle,” (loarse-grained metal is more likely to fail 
in this way tha.n fine-grained, and is normally less strong, although, 
at high temperatures, ,^e fine-grained metal, containing more 
ini.er-granniar amorphou.s material, is the vveaker of the two. 

.Mechanical deformation at low (emperatures (“ cold-work ”) 
alti'rs the properties of metals, usually rendering (hem .stronger, 
harder, le.ss ductile, less condueti\'e, and mom chemically reactive, 
This’is usually a.soribod to the formation of more (tr les.s amfflphous 
raateriSl along the gliding-planes and at the grain-boundaries. 
The polishing of a metallic surface consists in smearing a varnish 
of “ amorphous ” metal over the whole, so as to fill up, or bridge 
over, any minute depression.s, and thus render tl*e surface smooth 
and glas.sy. 

When the cold-worked metal is annealed, it lo.ses its extjia strength ^ 
and hardness, and regains ductility. In slightly deformed metals, 

* W. Rosenhain, J. Inst. Met. 22 (1919), 93, 9*^ 
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growth of (terrain of the.UJiisting grains Jakes pluee. In liighly 
deformed metal, recry.^*llizatioii starts from fresli coiitres in the 
amorphous material at the grain-boundaries or on tlni gliding- 
planes; tjie assumidion that the amorphous Jor disordered) 
metal is equivalent to a glass, this is easily understood. In general 
the grain-.'i’ze of tlu^ annealer^ metal will ho coarsest where the 
deforAiation han been least^—assuming always that the teinperatun^ 
is 'suHieiently high and the time allowed 'sullieiently long 'for the. 
reerystallization from the nuclei to take ))laee at all. In an nn- 
erpially straiiied j)iee,e of metal, the oeenrrenee, of a zone of large 
crystals at the border between the unchanged and ree.rystallized 
])ortions is to be e.xpeeted. 

(fold-worke.d articles, if not annealed, retain internal stresses 
which may cause unexpected failure when tin; articles have been 
in use for .some time. 






!HAPTEIl III 

PYKOMETK'y and COOLlNCi CURVED 

Whilst imioli dii'('(;t iiifoniiation regarding the structure of metals 
and alloys is ohlained from the study of micro-sections, an equally 
valuable if less direct—method fif investigation has still to he 
described. It is based u|)on variations in the speed at which tlu' 
tem|)erutine falls when a |)ieee of Jiot metal is allowed to radiate 
away heat at a iinihirm rate. In the case of sinqile metals, the 
method is used mainly for the determination of tiie melting-jaiint, 
although it» occasionally gives information regarding cluiTiges 
which occur in the solid state ; but when we turn to the study of 
alloys, we shall find that the information jirovided l)y the “ cool¬ 
ing-curve ” method as it is called - is. in many cases, the found¬ 
ation of most of our e.xact knowledge regarding the constitution 
of tile materials under (sinsideration. 

The Thermo-electric Pyrometer. The lirsi necessity is 
<’lcarly some form of temperature measurer, or “ pyrometer,” 
which can l)e used at high ranges over which the mcrcuiy thormo- 
metcr is iiotpvailabic. The simplest a)id most. <^onvenient form of 
pyrometer is tlie thermo-couple, the |irinciple of w'hich has already 
been explained in the ^ntrodnetion (page 1,5). The essential 
part of a couple consists of two wires of dillerent, metals welded oi- 
twisted togethei- at the ends. For accurate work, one should be of 
])latinum, ajid the other an alloy of jdatinum with 10 per cent. 
of rhodium. Where a very high degree of aceurac^y is not needed, 
it is'generally unnecessary to employ thes(^ c.xjipn.six'e mj^terials, 
sinc(! base-raetal couples give ({uite good results, so long as 
they ar(! not used at too high a temperature.' The following 
l)air.s of metals have been recommended by (Jitlerent authorities 
and are in some (arses used in (a)mmer(ually prepared thermo- 
(aiuples. 

’ iS(‘c C. Jt. Dinting, '/Vines'. sS’nc. 1.1 {1918), 844 : (l.lj. Kowalke. J 

Tiuim. Aiiirr. Jilcctrochem. Hoc. 24 (191.'!), .'177 ; W. Roaonhuiri. " Jiitroduction 
to Physical Metallurgy " (Coir-sUibk) (1914 edition), p. 80. 
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Nickel; < II , ,v Nick6l-chromium alloy. 

Nickel containing a little iron : Iron containing % little nickel. 

Nickel <pontaining„a little aluminium : Nickel containing a little iron. 
Iron: , “ Constant(.n ” (60 per cent. 

copper, 40 per cent, chrp- 
, ^ inium). 

f'ojjpftr; . '■ Constantan.” 

For use at very high teinperature.s, a tungsten-molybdenuin cou])lo 
has been advocated.^ i 

Whichever pair of metals is chosen, the two wire.s are welded 
together, or tightly twisted together, at their ends, 
and a thin .sleeve, consisting of a (jiiartz tube, is 
slipped over oik' wire to prevent them from coming 
into contact at Other points (Fig. 4.^>). The two 
wires are then surrounded by an oiiter tube of 
(juartz or fire-claj, 'J'he outer tube mnsit bo stout 
enough to withstand any hard usage which it may 
receive; but for "cooling-curve” work in the 
laboratory, it should not be made ftuiiecessarily 
tflick, since any considerable addition to the thick¬ 
ness involves a difference betw'i'cn the temperature 
of the metallic junction and that of the metal speci¬ 
men whose temperature it is desired to measure. 

For the same reason the pyrometer must be placed 
in close contact with the specimen ; if a solid metal 
is to be examined, a hole should be bored, if pos¬ 
sible, in it, and the end of the pyrometer tube in¬ 
serted (Ji) (Fig. 46). 'I'hc upper ends of the two 
wires, .M, and M,, carefully kept apart from each 
other, pass to the cold junction, or more correctly 
the. cold junctions (J. am^^.I,), where each of them 
is brought into contact with a copper wire ; the two copper wires 
(C, and C.j) ])ass on to a high resistance niilli-voltmeter. The 
cold junctions an* usually maintained at a constant temperature 
by being placed in a water bath, kept at I.'i" or at 0 ° C, 

In the arrangement just ih'scribed there are really three jipictions, 
namely 

(Hot) Junction, J,, in the pyrometer, between the two 
chosen metals M, and M.,. 

(Cold) .function, .1, lietween M, and the coppiu- wire C,. 
(Coldj .Junction, .J 3 , between Mj and the copper wire CL- 

^ E. F. Northrup, Met. Ohm. Eng. 11 (1913), 4.3. See, however, discusaioii 
on pages 86-67. 


Km. 4o. 
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It will be obvious that if all the three junctions,^ and J, 
arc at the same tcmpej aturc, iio'^eurrciit can be produced; the 
algebraic sum of the three P.D.s is evideiWy zero. If, hywever, 
J, is hotter than Jfc and >1,, the P.D.s no longer balance o^ie another, 
and the E.M.F. produced is indicated by the railli-Idltmctcr (G), 
the deflection of which will serve to measure the temperature of Jj. 

The instrumeift, inay be calibrated by placing the pyromater in 
varioui? bath.s the temperature of which is known. A good way.of 
carrying out the calibration is lo immerse the pyrometer in a molten 
metal the melting-poini of which is known ; the metal is allowed 





to cool, and the deflection is noted whilst the metal is solidifying. 
Theearae operation is carried out for various othej metals of known 
melting-point, and a curve' showing the connection between the 
temperatures and the reading of the milli-voltmeter can then be 
plotted. 

In taking a cooling-curve it is sometimes poaidble to use a self- 
recording milh-voltineter *; in modern types of rwording instru¬ 
ments, a stylus attached to the moving coil makes a trace upon a 

^ Hoe (t It. trarling, (Trans. Farndnt/ Soc. 10 (1914). 199 ; 9!. K. Hiirjjcss,'* 
TJketrochon. Ind. 6 (1908), 900. 
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chart m 9 unteU on a slowly revolving drvm (D). Tho trace will 
afterwards constitute a 'dnigr*;u showiilg the variation of tem¬ 
perature with time. Unfortunately the E.M.E. provided by tho 
thermo-cojiple is not sufficient to drag an oijdinary ink stylus 
across tho paper, if the stylu.s i.s kept constantly in (.ontact with the 
latter. The moving coil, therefore, is provided with a stylus, 
which. Jiormally swings just cloUr of (In' surface of'the pai)er, and is 
IJwrefore able to take up its position without l)eiiig imp('ded hy 
friction. The apparatus, howevei', is pro\ ided with a har (gener¬ 
ally actuated by tlie same clockwork as turns the drum) which 
periodically presses the stylus on to the j)aper, thus making a dot. 
The series of dots produced on the chart blend to foi'in a curve 
showing the relations between time and temperature. 

The method of measuring tin- E..M.F. generated by a thernio- 
couplc directly by means of a Jiirlli-voltnieter is not wholly free, from 
•jhjection. Unless the resistance of the instrument is very high, 
an ui)ccrtain part of the F.l). will fall over the wires of Wie thermo¬ 
couple and the connecting leads. Furthermore if the .scale of the 
milli-voltmeter has to represent a range of temperatures from 0“ C. 
up to, say, 1200“ C., it will clearly he impossible t'A read tem¬ 
peratures with a gnsat degree of accuracy. For accurate reading 
various elaborations have becjr introdnceih' If the E.M.F. pro¬ 
vided by the thermo-couple is oppo.sed by a .slightly smaller E.M.J'. 
of known magnitude which remains li.ved during the measure¬ 
ments, the small residual E.M.F. of the combination can be measured 
on a milli-voltmeter of greater sensitiveness ; the scale of this 
.sensitive milli-voltmeter now represents a limited range of tem¬ 
perature only (e.g. 1,100“ to l.200“C.) and the temperatur(^ can be 
I'cad with greater accuracy. I'he known E.M.F. needed to balanet^ 
the greater part of the E.AI. 1’. of the therino-eouple is only a fraction 
of a volt; it could be provided by inserting a specially designed 
•standard cell in the circuit between tlPj thermo-couple and the 
milli-voltmeter, hut in practice it is more conveniently provided 
by means of the instrument known as the “ potentiometer,” which 
will he described in Chapter VIII. 

It is po.ssiblc to measure tho E.M.F. provided by the thermo¬ 
couple'by means of the “ potentiometer ” alone, no miUi-voltmeter 
being employed, according to tho method of “ balance ” described 
in Chapter VIII. This method, although very accurate, is incon¬ 
veniently slow far use when a quickly cooling specimen is being 
tested. 

- 'A. Stan^^iold, Plil. Maff. 46 (1898), 59; N. S. Kurnakow, Zeilsch. Anorg. 

Chem. 42 (1904), 184; H. C. H. Carpenter and B. I’. E. Keeling, J. Iron 
•Steel Just. 65 (1904), 220; W. J\ White, Phys. Htv. 25 (1907), 334. 
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The Resistance Pyrometer. Other forms of pyrometers, 
l)a,se<l upon principles difleront fMnn'tllat of the tlienno-coiii)lo, 
hav{! been designerl. One of th(«c is basej upon the variation of 
tlK! resistance of, platinum with the temp(n’atiire. ^ recording 
instrument wofking njion this pVinciple has been'designed for 
giving a continuous chart of the variations of temperalure with 
time, and has bivn used for some of the best researelies njain tin' 
structi»’e of alloysA ,It is, '* 


I Medium Magnesia 

Laiiini Temperature lagging 


howevi'i', nil her more compli¬ 
cated than the tli(‘rino%‘lectric 

pyrometer. ; J jT ' 

Furnace for Cooling . yy ■ wmTng 

Curves. 'J'he type of funiace - fed 

suitable for the preparation of Lruable 

(tooling curves must fullil two ’ 
conditions. Firstly, it must 

b(i capaWe of heating the * , 

sjieeimen to the highest tem- 
peniture re((uired, and 

secondly, if mu.st, allow the Medium MagnesTa 

specimni to cool at, a modei-- Temperature Lagging 

iitely constant rati'. Fi'operly' 

designed ga.s-fired furnaces 

can be made to yield good 

results if tiu' range of tem- 

penitui'c re(|uired is not too 

high, lint I'leetric-ally heated CoidiTOO”) 

lurmices are more suitable foi' 
the work, and ii fonn ri'cently 

designed at the Natiomil L___^ ______ 

Physical Iaiboratoi'y - may hi' 

referred to specially', be^huse ^_ 

it is probably the tyjic of fur- —L__ 

nacc which best fulfils the re- i,',,, ,7 vi, 1 w v 1 ■ 1 

I , ric.-ii.—r.leclric I'limnco dosigned 

quircd conditions. The furnace to give oven Tempernim-e Gradient. 
{Fig.«47) consists of a vertical 

lirecla/ tube about 2 ft. 6 in. long ; at the top end only,**nickel- 
chromium wire is wound round it for a length of about (i inches. 
Iho outside of the whole is then surrounded by a heat-insulating 
material, preferably magnesia, to reduce the ratcat which heat is 
radiated away ; the lower end is surrounded by a water jacket. 
When a strong current of electricity is passed through the niokW- 


Co/d (TOO-) 


Fic. 47.—Klc«f(ric Fiininco designed 
to give oven 'romporaturo Gradient. 


\ -I’* Hoycock and F. H. Nevillo, Trans. Chem. Soc. KU) * 

- VV. Kosonliain, J. Jnd. Met. 13 (1915), 1?4. 
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chromiu^i^ wiite, the wire becomes intensely hot. The temperature 
of the furnace at the up^er'(h(K) end reafthes about 1,000°, whilst 
that of the lower (cold) end k below 200°, the central part of the 
furnace bgdnj' of course at intermediate tcmperij.turcs. The speci¬ 
men to be tetted is placed, together with the theAno-couple, in a 
small crucible which is suspended by wire, and which can he, 
loweEed to' any point in the filrnaee according to the temperature 
desired. The specimen has first to l)e hoated, for which purpose 
it is kept at the hot end. When ilie necessary temperatm’e is 
reached, it is lowered so as to allow cooling to commence. If it is 
desired that the cooling shall be rapid, it is lowered far into the 
furnace ; if slow cooling is aimed at, it is kept at a comparatively 
high level. Thus any desired rate of cooling can bo obtained at 
will. If, however, the specimen is kept at the same place through¬ 
out the period of cooling, the Vate will not bo uniform ; for the 
•specimen whilst very hot will loose heat quickly, but, as it comes 
to a temperature nearer to thdt of the walls immediakJy around 
it, it will radiate away heat at a lower rate. To obtain uniform 
cooling, therefore, arrangements are made for the lu'uciblo to be 
graduall}' lowered, as it cools, at a constant speed,'towards the 
colder end. This refinement adds somewhat to the complexity 
of the apparatus, but even without it the furnace would be of 
great value for the. obtaining of cooling curves.' 

Comparison of Cooling Curves. 'I’he trace made by the 
recording milli-voltmeter as the metal specimen (rooks shows the 
variation of temperature with time, and constitutes a cooling- 
curve ; if a recording instrument is not used, the observer takes 
readings of the temperature, at intervals during the cooling and 
plots the temperature against the time. Assuming the rate of 
cooling has been perfectly uniform, the trace will be a straight 
line, as .shown in curve A (Fig. 48) ; but, unless the .special devie(r 
mentioned above is available, the cooling will usually become 
slower as the temperature drops, causing the trace to be slightly 
concave, as is shown in curve B. 

Supposing, now, that we start with a metal in the molten con¬ 
dition Jcurve C), As it loses heat the temperature drops normally 
until the freezing-point is reached, and solid begins to appeav. The 
process of crystallization of the metal causes an evolution of heat, 
and thus for a time supplies as much heat as is lost by radiation. 
As long as any liquid remains, the temperature must remain at the 
melting-point, which is, of counse, the only temperature at which 

f 

^ Another device for obtaining a constant rate of fieat-rcmoval is flescribed 
l)y W. Plato, Zeit8ch> I’hys. Chem. 55 (1906), 721. 
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solid and liquid can co*exist. When^aU the metal- ha» solidified, 
however, the temperature commSnccs to drop,again. 

It i.s evident that, during a change such h freezing, an “ arrest ” 
in the cooling wiJ occur, and'that by observing whero»this arrest 
occurs on the’oMve, the melting-point may be determined. It 
should, however, be noticed that the metal is often cooled down 
some little way below the melting-point before solidificatioit com¬ 
mences'; this phcnomcftion of “super-cooling,” which has been 
mentioned in the first chapter, is most marked when the rate of 
cooling is rapid, a.s in curve 1). As soon as freezing begins, how¬ 
ever, the temperature rises at once to the true melting-point, owing 



Fiq. 48. 

to the evolution of heat due to solidification, and remains there 
until |)ractioally all the liquid has disappeared. 

Sometimes the cooUng-curve indicates other transformations 
taking place in tho solid metal at temperatures below the melting- 
point. Curve E is a diagrammatic repre.sentation of a cooling- 
curve of pure iron, and shows three arrests. Tho highest of them 
(at l,f)30° C.) correspond.s to the melting-point of 4ron ; ther-others 
(at abotit 889° and 768°) indicate some change in the solid state.^ 

It is considered that the iron at temperatures above 889° exists 
in a modification known as y-iron, which is crystallographically 
different from the modification, a-iron, which we Irnow at ordinary 

* The values here quoted are taken from a paper by ti. K. Burgess aiM 
•1. J. Crowe, Trans. Amer. Inst. Min. Eng. 47 (lols), (165, and refer to values • 
actually obtained on a cooling-curve; they do ngt represent the equilibrium 
transformation points. 

M.O.—VOL. I. 
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temperatwrea. a- and y-iron are sMd te bo “ allotropio modi- 
tications ” of iron, or .simply “ Ifllotropes'”’; in a-iron the atoms 
are arranged on a centled cubic space-lattice, whilst in y-iron they 
are arranged on a face-centred cubic lattice,' •’ 

The evolution of lieat which causes the arrest a't about 889° is 
believed to be due to the ‘ allotropic change ” (the conversion of 
y-iron into a-ir('n), which is evidently an exotheriiic process. The 
anest at 708° is of a dillerent character, and is thought to’be due 
to the acquisition of ferro-niagnotio properties which is known to 
take place at that temperature. The change differs in man^ ways 
from that at 889°, and is not generally regarded as an allotropic 
change. The matter will be discussed more fully in the section 
upon iron (Vol. Ill), but it may at once be stated that tho.se who 
regard the change at 768° as allotropio, apply the name /I’-iron 
to the variety which e.xists between 708“ and 889°, retaining that 
of (i-ii’on for the magnetic form which e.xists from 708“ down to 
ordin.iry temperatures. 

Other Modes of Expression of Cooling Curves. Unless 
the milli-voltraeter attached to the pyrometer is a sylf-recording 
instrument, the delleetion is recorded by the observer at regular 
intervals of time during the cooling. From the observations 
recorded it is easy to plot a cooling curve of the type represented 
by curve E showing the relation of temperature to time. It is 
perhaps rather more effective to u.se the same data to plot an 
“ inverse-rate curve,” like curve F, which shows the arrests more 
clearly. In an '■ inverse-rate curve,” the ordinates repre.sent the 
temperature, and the ab.scissa} indicate the time taken to fall from 
that temperature to a temperature 1“ C. below it; the arrest points 
are, of course, indicated by the sharp apices pointing towards the 
right. 

“ Differential ” Method of detect-'ng Transformations in 
Solid Bodies. One u.seful method of (hdecting a transformation 
in a cooling metal, whidi is practically independent of ” chance 
variations ” ir> the rate of loss of heat caused by external influences, 
is known as the differential method. The metal specimen under 
examination is placed in the furnace, and close to it is placed a 
specimen of .some standard material which is known to undergo 
no transformations within the range of temperature in question; 
nickel and platinum have both been used for this purpose. In 
addition to the thermo-couple designed to measure the temperature 
cf the specimen under examination, two other thermo-couples 
joined inceries are inserted in the two specimens and are connected 

* A. WoHtgmi, .7. Jnm Steel Imt. 103 (1921), .‘103. 
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to a separate inilli-voltmeter so as to indicate tlSe d^^eretKx of 
temperature between the speeinu^/ imder examination and the 
standard material. If the size of the staiAlard |)as been cprreotly 
chosen, the two stiecimens should cool aj)))roxiuiately i*t the. same 
rate, and the flifference of tem^*rature will be very'small. But 
when the temperature corre.sp(.)nding to an exothermic change in 
the iirst specimen i.s n^ached, the temperature oj that spscimen 
ceases *to fall; since tfic tcm]>erature of the standard material 
continues to fall, the difference of tem|ierattne ladween the two 
suddenly become.s con'iderable, and the sudden inci'case in the 
reading of tln^ rnilli-voltmetcr indicates very clearly that a trans¬ 
formation in the specimen is taking place.' However, in view of 
the recent improvements in furnace design, which render the rate 
of loss of heat of cooling specimens jiracticiilly independent of 
external intluences, the ditl'erentiaf method is likely to become less 
imi)ortant in the fidure than it has been in the past. 

Heating; Curves. If, instead of allowing the specimen to cool 
dowm steadily, we commence with the specimen cold and supply 
it with lieat^at a uniform rate, noting the rise of temperature with 
the time, a " heating curvi^ ” is produced. If properly obtained 
a heating curve gives as much information as a cooling curve. 
With a crude furnace it is difficult to ensure that heat is added at a 
ste.ady rai. ; but. with the form of electric furnaoi^ de.scribed above, 
there is no reason why perfect confirlence shoidd not bo placed 
upon the heating curve obtained.- 

Wlum a. substance is heated, tlu' various transformations which 
'vere noted on cooling oecui’ again, but in the oi)posite direction 
and usually at a rather higher temperature. When pure iron is 
heated, for iijstance, it Iirst of all loses its feri'o-magnetism at about 
VtiH't'., then becomes converted to the allotrope y-iron somewhat 
above !KMI', and linally rimlts at l.rhlP'; each of the.se changes is 
shown by an arrest on trie heating curve (cun-e (I). iSince the 
temperatures at which the various ai’rests occur on heating are not 
always the same as those at which they occur on cooling, it is neces- 
.sary to distinguish between the "arrest on cooling,” represented 
by the letters Ar (“Arret refroidismiient”) and.the “ an.vest on 
heating* ’ represented by the letters Ac (“Arret chauffage’'). In 
the ca.se of iron, the exact temperatures of the arrests corresponding 
to the disappearance and rcapjrcaraucc of y-iron are written Ar^ 
and Acj, whilst those corrc.sponding to the ap()haranoo and dis- 

‘ J’erfnrthorilovclopineiitsot thismothod, see ti. L. Hoyt, "Metallography*" 
(McGraw-Hill), Vol. 1, pages 154-158 (1920 edition). • 

For comparison between cooling curve.s anj heating curve.s, see L. I. 
llnna and 1’. I). Foote, Trans. Faradtoj Hoe. 15 (1920), iii. 189. 
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appearamw! of ferro-ma^iietisra, arfc witten Ai^ and Acj. At 
ordinary rates of heating or od'dling Ac, and Ar, are quite close 
togethw, and, at, an “ kifinitely slow ” rate of heating, the change 
appears te' occur at a temperature iiidepcndeili of the direction 
of the transformation. Thus ' 

Ar., Ac,-= 768"C. 

Op tile other liand, tlu^ temperature of tlio A;, change inifiariably 
depends greatly on the direction in which it is jiroceeding. Ac,, 
generally lies well above Ar,„ although bp using very pure iron 
(free from carbon and from occluded ga.ses) and by employing a 
very low rate of heating and cooling, Ac^ and Ar^ can be brought 
close together. But, even if the rate of alteration of temperature 
is made extremely small, and all factor.s which could cause the 
transformation to “ lag ” are removed, Ac, still lies about 11° above 
Arj. The value.s ’ calculated for pure iron at an “ infinitely slow' 
rate ” of heating or cooling, are 

Ac,, -= i)()0° ; Ar„ - 898°. 

Summary. A “ cooling curve,” showing thc^ connection 
between temperature and time in a metal which is ladiating away 
heat at comstant rate, gives valuable information regaiding melting- 
point and allotropic changes ; an arrest observed at any tem¬ 
perature indicates an exothermic change occurring at that point. 
The temperature is generally measured with a thermo-couple, 
base-metal couples being now considered reliable for low tem¬ 
peratures. The furnace should be designed in such a way as to 
render the rate of loss of heat as uniform as po.s3ible. In a reliable 
furnace, “ heating curves ” showing the relation between time and 
temperature during the heating up of a specimen^ give equally 
valuable information. 

The cooling e.urvc of iron show's three “ arrests " ; the highest 
indicates the solidification, the scconfi (Ar,,) the disappearance 
of y-iron, and the lowest (Ar,) the appearance of ferro-magnetism. 
The heating curve of iron, show's similar arrests in the opposite 
order; but whilst the arrest Ac, indicating the loss of magnetism 
oecunt at the s?me temperature a.s Ar^, the arrest Arj, indicating 
the return of y-iron, occurs at a point well above Arj. However; 
in pure iron, Ac,, and Arj approach one another when the rate of 
heating and coolijig is made very small. 

* Acuordiiig to (J. K. Bui’go«H and .F. J. Crowo, Trans. Amer. Inst. Min. 
Jfng. 47 (1913), OOf). 
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I'HE STRUCTURE OF ALLOYS 

Classes of Alloys. When two iiioitoii metals arc brought 
together in a vessel, they may form two immiscible layers—as 
in the case of learl and ziiur or tlh‘y may mix together to form a 
single homogeneous liquid. The latt er state of a (fairs is, however, 
most common, and for the purpose of this i:hapter, most important; 
for it ia usually by the cooling down of a homogeneous liquid con¬ 
taining more than one metal that a solid “ alloy ” is ]>roduced. 
In order to Simplify th(,‘ treatment of the subject, only alloys con¬ 
taining two metals (" binary alloys ”) will be considered at present. 

It does not follow that boeanse the fluid mixture is liomogcneons, 
the alloy nrodueed will also be homogeneous. For most pairs of 
metals- -whilst com])lctely miseihh! in tln^ liquid state- will not be 
eompletoly intsciblc in the crystalline state. It is convenient to 
consider separately the classc.s of alloys prodiieed when the metals 
are 

(1) eompletoly immiscible in tlie erystalline state, 

(2) eomplotely miscible, forming a range of mixnt cri/.slals of all 

possible compositions, 

(fl) parlialli/ miscible, forming mixed {Tvstals within certain 
limits of comif isifion. 

Two more ]jossihilities must be added, in which 

(4) one or more inier-mdallk com-pOKiids of rlefinite composition 
are produced, 

and (i5) intcr-meiallic convpoutiils are formed whicli are eajwiblc of 
* holding p.w,s,s o/ ojic or Imth eoiisliliieiit metals in solid 
■solitlion. 

'Ihe terms “.solid solution” and “ mi.xed erysl-al” have come to 
be synonymons ; some metallographers use oim f erm, and some 
the other. In alloys of (llas.s when^ our knowledge of the erystal- 
strueture is v(^ry siaanly, th(^ vaguer term “ solid solution ” is 
perhaps preferable. ^ 

Ihe first class, although in many ways the simplest, is compara- 
197 • 
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tively larMy mist with. Gimfra^y the mek'ls are capable of erytital- 
liziiig together either as mixed crystals (Classes 2 and 3) or inter- 
raetalliC oompomtds (Classes 4 and 5). ^ 

If the twn,fifetals forming the alloy are alike, mix^'d crystals i are 
usually produced in which the two metals play the same Toh. in the 
crystal-strncture. For instanoe, the “ transitinii metals ” of the 
periodic classififation, and the metals of the Grc.ups Vila ^nd In 
on either side, possess many properties in common, 'fhe salts of 
these metals are fre(iuently isomorphous ; t>iat is to say, the atom 
of one metal (a>n re])lace that of another in t-lie crystal structure 
of the salt. It. is not surprising that the .same power applies to 
the crystal-structure of the elements themselves. Silver and gold, 
which fall in the same group of the periodic table, can form a com¬ 
plete series of mixed ciystals, .ranging from -i.ure silver to ])ufe 
gold ; silver-gold alloys are assigned therefore to Class 2. Evi- 
dentl^^ the atoms of the two juetais [day t.he same part in the 
crystal-structure. 

However, com[)lete miscibility in the crystalline stab' is not 
aUfays met with, ('oi)per and silver belong to tln'tsame group 
of the periodic tabli' ; they both form crystals in which the atoms 
are arranged on a face-centred cubi.; lattice. Nevertheless, al¬ 
though, in crystalline silver, a certain inimber of silver atoms can 
be replaced by atoms of copper, yet tlu' miscibility in the s.did 
.state ceases when the mixed crystals contain abmit (i per cent, 
of copper.- Silver-eo|)|)er alloys are therefore assigned to Class 3. 

WMUt a pair o/ like mi-lalu (jenirallii jorw mi.red rrys/rt/.s in which 
both play the mmo pari in the crystal-structure, ffi pair of mt'lals 
which are difisimilar in characler not in.frequenlly combine, logelher 
to form an inicr-melallic compound in whu'h each element plays a 
dinlinct role ii\ t.he crystal-structure. Inter-metallic comi>ounds 
are rarely -if ever—formed between try. metals belonging to the 
.same group of the periodic table (as arranged in this book). In 
many cases, the compound formed possesses a constant com¬ 
position which can be express.'.! by a simple atomi.' formula, such 
as Mg..Pb ; the existence of crystals containing both l.'ad an.l 
magn«,ium is .mly j.ossible if the component atoms arc present 
in the definite ratio (1 : 2) indicated by the f.)nmda, and Siloys of 
lead an.l magnesium are therefore assigned t.) Class 4. 

In other .'ascs.-the composition of the crystals containing two 

' Ttie factors wliicli ilctcrmiiii' the; forni.ilimi of mixc.l cryslals unit of 
s*li.l solutions ari' discnsscil hy N. S. Kmnalcow and H. 1'’. Zcin.-znc'/.iiy, 

Z«7,s'<//./lnpr./.f7a»,. 54(11107), 14!). ..Iso I. I.mwnnnir, ./. Amrr. (’lirm. 

Snc. 38 (luili). --’212. ^ 

“ A possiUo ca.isc of lihidcd sohd.iUty is suggested hy W . Ko.seiihum, 
Proc. Hoy. Soc. 99 [A] (1921), 198, 199. 
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metals can vary within aertairi limit^s, ^he series of crystat^produced 
liaving, therefore, much in comrtion with the mixed crystals” 
of Class For instance, in the alloys kf gold and magnesium 
there is one series’of mixed crystals which may contaiTi«magnesium 
ajtoms and gold atoms in any ratio between 1 : 1-8'and 1:0-7; 
many of the properties of the crystals vary continmyisly as the 
composition alters. But it is found that the inelting-point*of the 
mixed crystals is a maximum when the magnesium and gold at'ftns 
are prasent in equal numbers. This fact suggests that crystals 
having the composition corresponding to the simple formula AuMg 
possess a maximum stability—since; they can withstand the highest 
temperature, without melting. It is therefore rational to regard 
the (u-ystals of loner melting-points whieh contain more gold or more 
magnesium than corresponds to that simph- formula, as h-ss pure 
forms of the same compound ; they ean be described as mixed 
crystals of the compound AuMg and one of the com|.)onent metals. 
iSueh caS's arc referred to Class 5. T’here are, howevi-r,•many 
series of composite cry.stals known which it is dillicult to regard 
as being dej-ived from any definite compound and, in view of,the 
uneertainty of the jmsition, it is convi'iiient to speak of these 


crystals v 

aguel}^ as ” 

.solid solutions,” no 

opinion be 

■ing expressed 

regarding 

the nature 

either of the solvent 

or of the 

lolute. 

A few 1 

'.xamples of 

wt‘11 authenticated inter-metallio comjtounds 

are give u 

below- ‘ : 




MrjCu 

Zn^Cu^ 

(.'djCn, 

,\l.,< hi 





.\l('n 





AK.-ir, 




(A;, Ay. 

.\l.\y. 


MfrAy 



AlAy,; 


MfciAii 


(d;,.\U 






.\l,,Vu 


Mg An 


% 

AlAu,, 


MgjPb 





Mg2Sn 








« 

NjBiTInBi 

Mg.jSbj 

ZllgSbo 

CdaSb, 


NiSb Tl^Sb 


ZnSb CdSb 


It will b(' noticed that th<-s(i formula; bear ho relation to the 
valencies of the component elements, e.xeept wlu-re one of the 

^ Taken fruin At. <!nio. and C. (iniu-Lollini, " ftirinirnl CVnrdwi.-ition ninon,'* 
Metals,” translntefi by (.1, \\'. Itubinsnn (C'hni-'illiin) ; and fo ni f. It. Jloscb, 
“ Inter-motallic Compounds ” (J,onpniaii.s, Clrcen & Co.). 
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componejifa happens to be arsenic, Antimony or bismuth ; in such 
cases the compounds piust beVegarded as arsenides, antimonides 
or bisiputhides, fjnd tlHs three elements mentioned really play the 
parts of nontmetals. The failure of the laws valency in most 
inter-metalhc* compounds has already been referre'd to in the ip- 
troduction,_(pago 31), and it is only necessary here to restate the 
opinion there expressed Unit the existence of this kind of body 
apparently depends on considerations of geometry rather Vhan of 
d3mamics, 

It is now possible to study rather more closely a few simple 
examples of each of the five classes that have been enumerated. It 
must not be thought that every .system of binary alloys can be 
referred definitely to one or other of these five classes, for in many 
cases there is some special feature which renders the system slightly 
different from the simple examples here chosen. If, however, 
these simple cases are understood, the consideration of any more 
comp’icated type of alloy which may be met with hereafter will 
present no great difficulty. 

Class 1. The metals are completely immisqible in the 
solid state, no mixed crystals being possible. 

An example is provided by tlu' alloy.s of Gold and Thallium.^ 

The melting-point of pure thallium is 302" C.; that is to say 
pure solid thallium is in equilibrium with pure liquid thallium at 
302°. If, however, the liquid is not pure thallium, but thallium 
diluted with gold, the melting-point is lowered by an amount 
depending on the concentration of gold ; the equilibrium tempera¬ 
tures of solid thallium in contact with liquid thallium containing 
various amounts of gold is .shown by the curve AP (Fig. 49). 

Similarly, pure gold melts at 1,063°, but the melting-point is 
lowered by the prc.senco of thallium in the liquid phase, as is shown 
by the curve BP. The two curves cut <it 131°, which is evidently 
the lowe.st temperature at which a liquid mixture of gold and 
thallium is stable. This temperature of lowest melting-point 
is called the eutectic temperature, and the composition of the 
mixture corresponding to it (27 per cent, gold, 73 per cent, thallium) 
is calle^l the eutectic composition. 

Consider now what will happen if a molten mixture containing, 
say, 90 per cent, thallium and 10 per cent, gold is gradually cooled. 
When the temperature drops to 230°, the curve AP is cut (at the 
point K) and—Assuming there is no super-cooling-—the crystal¬ 
lization of thallium will commence. But the separation of the first 
particles of pure solid thallium leaves the liquid richer in gold, 


* M. Levin, Zeitach. Amrq. Ohem. 45 (lUOS), al. 
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and therefore the temperature must fall farther j^foro crystal¬ 
lization can ^continue. As the eilallTum crystal-growths extend 
therefore, the temperature continues to falh^the connection between 
the temperature iJnd the composition of the portion wl»ich*is still 
hfluid being shown by the curve KP. At the eatbctic point 
corresponding to a temperature of 131°, the melting-point curve 
of gold IS also cut, and any further cooling would make the .liqhid 
super-choled both to gold and thallium. At this tempcratusc, 
therefore, gold and thallium solidify simultaneously to form a 
“ eutectic mixture ” (often called simply, a “ eutectic ”). 

Similarly a liquid mixture containing, say, 20 per cent, thallium. 



l^per cent, gold, will commence to dejiosit gold at the teiujieratnre 
-5 , and the temperature will continue to fall as the bath become.s 
*e» in thallium, until at last, at the eutectic temperature 131°, 

'Id and thallium are deposited together, ‘ “ 

If sections of the solidified alloys of dilfcrent compositions be 
epared, the structure will he found to support the description 
the solidification jirocess just given. 'Fhe sofiiUHoy containing 
per cent, thallium i.s found to consist of grey musse.s of ])iire 
allium embedded in a heterogcneou.s ground-mass which is tin- 
tectic; the eutectic, actually an intimate mixture pf gold and • 
nhum, has a golden hue, and apiiears'all the more bright by 
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contrast jyth ^he grey.grains of pure*thalliiini. On the other hand, 
alloys containing 80 pe* cen^. gOld consi.s^ of large primary yellow 
crystal^ of gold _cmbc(|dod in the eutectic, which, m this case, 
appears bluijh-grccn in colour by contrast with the large gold 
crystals ; iP, however, the eutectic is (‘xaniined witti a moderately 
high power microscope, small particles of glittering gold can easily 
be'rasde out \Yithin it. 

•Since all thallium-gold alloys con.sist essaitially of a conglfimorate 
of pure gold and pure thallium, tlu^ colour of the alloys, as viewed 
by the naked eye, varies gradually with tfio composition, ranging 
from the brilliant yellow of the gold-rich alloys to the dull grey of 
tho.se rich in thallium. 

If a liijiiid mi.xtiire having a composition close to that of the 
eutc(dic mixture (27 per cent, gold) is prepared, and is cooled down, 
the alloy formed will consist almost entirely of the eutectic, the 
struotur(^ of which may vary somewhat from jdace to place accord¬ 
ing ivs the separation of gold or thallium happens to commence 
in any particular region an instant sooner than that of the other 
constituent. If there were no super-cooling, the two constituents 
should commence to crystallize simuttaneously from different points. 
In practice, howev'er, one constituent may (tommence to solidify 
a moment before the other, in which cas(' the first solidified con¬ 
stituent may appear as a minute crystalline or dendritic growth 
embedded in the second constituent. For instance, we often find 
grains of gold surrounded by a ring of thallium, whilst in other 
places the thallium appears as the first crystallizing constituent. 

Eutectic mixtures occur in many alloj's, and v;iry considerably 
in character. In some eutectics, the two constituents appear to 
solidify alternately, forming wavy, ]mrallel lamella;; this laminated 
structure is particularly characteristic of pcarlite, the entectoid ” 
constituent of steel, which differs only from a true euti'ctic in being 
formed after the whole steel has becom/solid. An example of the. 
structure of a true eutectic is show n in plate D of the frontispiece. 

When a eutectic alloy is heated above the eutectic temperature, 
it inedhs once more to form the homogeneous liquid mixture. The 
formation of this liquid far below the melting-point of cither «netal 
i.s very*Rtriking, and indicates that each component of the eomplex 
acts, as it were, as a “ (tux ” for the other. Eutectic mixtures are 
thus useful as easily fusible materials. 

Our knowledge of the equilibrium diagram of a system such .as 
thallium-gold is actually based upon the study of the cooling-rnirves 
(^taiiied when mixtures of various composition arc jtreparedin the 
molten stflte and are allowed to solidify slowly. A distinct .slacken¬ 
ing in the rate at which*the temperature falls indicate.s clearly the 
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tc)ni)eraturo at which solidification. bcg|ns,.ai.d froni results 
oldained wit^i alloys of different compositkkis, it is possible to plot 
the freezing-point curves AP and BP. Tty eooljng-eurve pf pure 
thallium (.see Fig. i50) shows one tong arrest at 3022 That of 
the alloy containing 10 per cent, gold shows a diminished rate of 
cooling at the point where .solidification commences, bijt the tem¬ 
perature continuns to drop until the eutectic point is reivhed : 
at the eutectic temperatlire a definite arrest occurs. An alloy with 
20 per cent, gold givcjj a yet longer arre.st at the eutectic point, 
whilst an alloy of the exact eutectic comjiosition (27 per lauit.) 
shows naturally a longer arre.st still, since the solidification of the 



.10. -Cuoliii^ (.‘uiA .'s of (liild-tlmtliimi .'Vlloys (soiiicw Iml tluijiriiuiiimtic). 

« 

whole alloy occurs at that, temjieraturc. If, however, thi^ gold 
content is still further increa-sed, the arrest at the eiiti'ctic point 
bi'comes shorter, until in the cooling-curve of pure gold, the only 
arrest occurs at l,0(>3^ all trace of the. arrest at 131"having natur¬ 
ally vanished.* * 

The duration of the arre.st at. the eutectic point, commonly known 
as the “ eutectic time,” is freipiently used by metaltogra|)hi.sts 
to find the exact composition corresponding PT the eutectic point, 
the method being due to Tammanu. The uc.arer an alloy is to the 
eutectic composition, the longer i.s the halt on the eooliiig-eiuive 
at the eutectic tomperatiiri'. If the eutectic times of a number# 
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of dilfer(jijt alloys be , plotted ^againSt tho composition, two lines 
(AP and BP) are obtained (FJ^I 51) w'hich, if produced, will cut 
one another at a poinf P; the composition corresponding to P 
clearly indiojites the exact eutectic compositioi!. 

The variduli lines of the equilibrium diagram (Fig. 49) divide 
the diagram into areas, each of which is marked in such a way as to 
indicate the copiponents of the material existing under the condi- 
tisns represented by points in that area. ' For example, in'Fig. 49 
the area PQYZ i.s marked “ gold + eutectic ” ; the.se three word.s, 
assigned to the area in question, embody a pieci^ of information, 
which has already been given in the text, namely that, at tempera¬ 
tures below 1,31°, all alloys containing between 27 per cent, and 100 

Seconds 



per cent, gold consists of crystals of gold enibedded in the eutectic 
mixture. Subsequent diagrams will hi; ^.larked in the .same way, 
and should be studied for information of this kind, which will not 
in every case be repeated in the text. 

Class 2. The metals are completely miscible in the solid 
state. Mixed crystals of all possible compositions are<met 
with. ' ' * 

An example is supplied by the alloys of nickel and copper.’ 
(Fig. 52). 

Pure nickel nie,U.s at 1,452°; accordingly niolten nickel (am de¬ 
posit solid nickel when eooleil below this letnjieraturc. The do- 

• 

I * X. S. Kwniikow aud S. F. Zcinczii/iiy, ZtiL'ich. Atxynj. (’/urn. 54 (1907), 
140. Soo also* \V. (Jucrtlei’ and U. Tannnann, Zc/t-srh. Aixity. Cliitn. 52 
(1007), 2a. 
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position point is, howevw, lowbred hy the presence ot coi\Ber in the 
fused metal, as is shown ty the cutve ABtl.i Thus a molten nickel- 
copper mixture with 89 per cent, nickel Jwill 'iiot commence to 
crystallize unless’cooled to 1,411° C. At that poin^, reparation 
cqmmences, bift the solid deposited is j\ot in this caio’pure nickel 
but consists of a mixed crystal containing about 91 per cent, nickel, 
9 per cent, coppei;. The curve ADO shows the corpposition.of the 
.solid substance which is’in equilibrium at any particidar tempexn- 
lure with the liquid mixture represented by the corresponding 



poitit on the curve ABC ; the curve ADO is known as the " solidus,” 
and ABC as the “ liquidus.” Thus a liquid mixture with 89 per 
cent, nickel (point G) commences at 1,411’0. to deposit a solid 
with 91 per cent, nickel (point H), whilst a liquid with 40 per cent, 
nickel (point B) begins at 1,262° 0. to deposit'a.solid with 65 per 
cent, nickel (point D). It will be observed that the addition of 
nickel to molten copper raises the temperature at which solidifica¬ 
tion commences ; but this is not a real exception to the general 
rule that the freezing-point of a substanccis lowered by the addition 
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of a secpjid Substance, becaugc molten eoppcr containing nickel 
does not deposit pure ccB)pei‘; but always a mixed crystal containing 
nickel.^ \ 

Considei: i^ow what will happen wlien a molteh mixture contain¬ 
ing 40 per ediit. nickel, 00 per cent, copper is cooked slowly. At 
1,262° (J. (^point B) solidification will commence, nuclei of an alloy 
wifh 55 per cenjt. nickel (point .1)) being deposited. This deposition 
leaves the li((uid richer in copper, and thu.s, as the temffcrature 
falls and solidification continues, the composition of the liquid 
changes in the way shown by the curve Bh'^, whilst the composition 
of the. solid being deposited changes in the way shown by the c\irvo 
])E. If the cooling is sulficiently slow, the first deposited crystals, 
which had originally the composition represented by the point 1), 
will gradually absorb more copper, so that when the liquid has 
reached the composition F-—the solid .separated will have the com¬ 
position E. This is tlu^ same composition as that of the original 
liquHl (B), and it follows that by the time the whole of the .solid 
has come to have the composition E, the whole of the alloy must 
have passed into the .solid condition. In fact, the " solidus ” curve 
can be defined as the curve indicating the temperatures below 
which an alloy is wholly solid, just as the “ liquidus ” indicates 
the temperatures above which it is wholly liquid.* 

It is therefore apparent that so long as cooling is slow enough for 
the comparatively nickcl-rich .solid deposited in the early stages 
to absorb additional copper from the liquid as the temperature 
falls, the final result of the cooling will be a single homogeneous 
solid solution of the same composition as the liquid mixture em¬ 
ployed. The structure of the uniform material thus obtained when 
viewed in section under the microscope will resemble that of a 
pure metal, the same polygonal grains being observed. But it 
should be understood that the ab.sorption of cop]M‘r by the already 
solidified portions involves diffusion in, the .solid state, and—even 
at such high temperature.s- diffusion in the solid state is a very 
slow process. Consequently, unless the ui(;ket-cop))cr alloy is 
allowed to cool at a very slow rate, the first solidified portions 
are likely to remain richer in nickel than the last solidified portions, 
and the sections will therefore not appear uniform when viewed 
under the microscope. Thus a quickly cooled nickel-copper alloy, 
etched with ferric chloride, or chromic acid, appears white at the 
points where solidification commences, but dark in the parts which 
solidified last. The light portions are those most rich in nickel, 

'■ The iw' alternative methods of defuiing tlio solidus and liquidus curves 
are pointed out by 0. T. Ifoycock and F. H. Neville, Phil. Traufi. 202 |.\| 
(1904), 6-8. 
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and usually posses^ a dendritic structure, .the, dark c'jpper-rioh 
portion filling in the spaces betweerf the'fronds (sec Fig. E of frontts- 
piece). The contrast is .so sharp that it^ is scarcely surprising 
that one of the eaidier investigators at first thought t^iat the alloy 
w^s made up iW two essentially distinct ])arts. How\‘ver, other 
etching agents, for instance nitric acid, produce results whicli show 
a gradual passage? from the nickel-rich centres into {he copper-ri’ch 
fringes.* 

Any nickel-copper alloy, liowever quickly if. may have been 
cooled, becomes homogeneous and uniform if annealed for some 
time at 800-1,000“ C. ; whatever etching agent is enqiloyed after 
such treatment, the metal ajipears uniform and shows the ordinary 
granular structure .similar to that of a pure metal. TJiis shows that 
nickel and copper are mutually soluble in the solid state in all 
proportions. The remarkable contrast between the cored den¬ 
dritic structure of the copper-nicdvcl alloy “ as cast,” and the 
granular structure obtained upon annealing is well shown by,Figs. 
E and F (jf the frontispiece.* But even a vei-y long annealing 
may not entirely remove all vestiges of dendritic structure: it is 
])robal)le that tlie black dots, .seen in Fig. F, which are almost 
invariably met with in annealed specimens of this alloy, repre¬ 
sent fragments of the, copper-rich zone, which have escaped 
assimilation." 

.Since an aiiiK'aled nickel-cop]>er alloy consists of a single solid 
solution, it is imjxi.ssible, on u priori grounds, to advance any views 
as to the pirobable colour of the various alloys. Actually it is found 
that a .small quantity of nickel notably weakens the red colour of 
copper, and that alloys containing more than 2.*> ])cr cent, of nickel 
arc practically white. 

Before we leave the subject of nickel-cu))pcr alloys, it shoidd be 
stated that the .solid solutions rich in nickel, undergo a further 
modification, marked by "he appearance of magnetic i>roperties, 
wheji cooled to comparatively low temperatures (c.g. 2(t“ C. for 
alloys with tiO ])er cent, nickel; about 200“ C. for alloys with 80 
per cent, nicliol, and about 350“ C. for pure nickel). For the sak(' 
of simplicity, no account of this change has been taken in the 
equilibrium diagram.'' " ’ 

* See also K Adcock, J. Inst. Met. 26 (1921), iltil, Figs. 1 and 2. 

* This is the view of Mr. Maurice Cook, who lias studied the change from 

dendritic to granular structure in several alloys, lie htllieves also that the 
alloys undergo complete rocrystallization during the aunealing, so that “ one 
dendrito can give rise to more than one polygonal grain." See M. ClocV, 
Trans. Faraday Soc. 17 (1922), r>24. „ 

“ For recent work on the magnetic chango.s in nickel-copper alloys, sec 
It. Clans and A. Fonseca, Ann. Phys. 61 (1920), 742. 
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The sjl>ver'-gold ajloys ^ present'an equilibrium diagram (Fig. 
53) very similar to that 6f the copper-nickel alloys. A rather 
different form of ccjuilforium diagram is obtained, however, in the 
case of the,alloys of copper and gold - (Fig! 54) ; here again 
mixed crystals are possible in all ])roportions, but the liquidus apd 
solidus curves dip down below the melting-points of both metals 
arid actually ^ouch each other at the low'cst point P. A liquid 
alloy having a compo-sition corresponding to P should, on s6lidifica- 
tion, produce a homogeneous mass without annoahng, differing 
in this respect from any alloy of nickel and copper, and also from 
the eutectic alloys of Class 1. 

If the gold-copper alloys are cooled moderately (prickly from 



below their solidifying point, they consist entirely of ordinary mixed 
crystals ; if, how ever, they are cooled very slowly— or if the 
quenched alloys are annealed—certain compounds, CujAq and 
GuAu,’which afe only stable below 400°, arc produced, pind the 
character of the alloy changes. The upper limits of the stability 
of the two compounds is shown by curves ABC and DEF re¬ 
spectively (Fig, 54). Consequently, gold-copper alloys do not, 
strictly speaking, belong to Class 2, although, until 1916, when the 

* U. Baydt, Zeitsch. Anorg. Ghem. 75 (1912), 68. 

’ N. Kunlakow, S. iemczuzny, and M. Zasrilatelov, .7. Inst, Met. 15 
(1916), 306. ♦ 
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cdinpouiids wore discovfffccl, iht'y wore l)elievod to-do «». They 
should propou-ly bo. assigned to Class 5. 

The preparation^of the equilibrium diagram in plloys of yiass 2, 
as in those of Class 1, can be carried out purely from the emmination 
of, cooling-curvT’s. Whilst solidification is taking piaoe the tem¬ 
perature sinks much more slow'ly than cither before or qfterwards. 
The ])oint of infigetion of the cooling-eni ve wiiew' solidilirution 
eominences gives a point on the " liquidus ” eorres])onding to the 
composition of the alloj- under examination ; the less well-marked 



Copper' Cold 

Composition(in atomic percentage ) 

Fk;. 54.—•■’lu! Sys(cin Copper-gold. 


point at the teni])erat ui'e where solidification ceases gives the point 
on the ‘‘ solidus.” For simple alloys such as those of copper and 
nickel, the solidus can be plotted by this method with moderate 
accuracy,; but, in many cases, the temperature at Vhieh soBdiflca- 
tion ends is not shown at all definitely on the cooling-curve, and the 
method can oidy be regarded as a rough one. 

For this reason, a second and far more reliabk^’it^pthod of obtain¬ 
ing the solidus curve has been worked out by Heycock and Neville. 

‘ c. T. Heycock and F. H. Novillo, Phil. Tram. 202 [A] (1904), C ; 214 [Af 
(1914), 267, Tho discoverers of the method employed it princ’pJiEy in the 
study of cuniplicatod systems of alloys bfdonging ^o Class 5, for instance the 

brf)ii7(i8. 

M.C.—VOL. I. 


P 





210 , MF,TALS METALLIC COMPOUNDS 

A small portion of thb liquid iHijcture is aMowed to cool until parth 
or wholly solid, i^nd ii^,thcn suddenly cooled (“ chilled ”) to roon 
temperature ; the tenperature from which chiUing takes place ii 
carefully oJ),|ervcd. The micro-structure of the chilled specimei 
is then studied. If the specimen at the moment of chilling stil 
contains any liquid, this liquid will solidify very quickly and wil 
produce a solid of far finer structure than the portion which wa; 
■solid bc'fore the time of chilling. Consequently the mioro-sectioni 
will show this quickly solidified portion in a line ground-mass ii 
which the hirge “ primary ” crystal skeletons are embedded. If 
on the other hand, the ingot is entirely solid at the tempcratuie o 
chilling, Ihe line ground-mass will not be observed, 'riiereforo 



by chilling several sunqfies having the same composition fron 
different toinperatures, the temperatr.-e below which the alloy i; 
wholly .solid can be determined within narrow limits; in othe: 
words, the point on the solidus corresponding to that compoeitioi 
can be found. 

Clais 3. The metals are partially miscible in the solit 
state. Mixed crystals are possible within certain limits 

An example is afforded by alloys of copper and silver ^ (Pig 

66 ). 

Pure silver solidifies from the fused state at 962° C. (point A) 
.The solidifying point is lowered by the presence of copper in thi 

* K. FrttxiTioh and A. Leroux, MetaUurgie, 4 (1907), 293; W. von Lepkowski 
Zeitach. Anorg. Ghem. 69 <(1908), 289; compare C. T. Heycock and F. H 
Neville, Phil. Trans. 189 [A] (1897), 07. 
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fused metal, as is shown the liquklys eurte AB. • Wl»»n silver 
eontaining a little copper solidifies, the solid irst fprmcd is not pure 
silver but contains^ small amount of coppey in solid solution, the 
composition of the solid in equilibrium with a liquid of %ny com¬ 
position being sliown by the solidus curve AD. Similarly in the 
case of molten mixtures rich in copper, solidification starts at teqi- 
peratures shown by the liquidus curve CB, the (Hjiiifiosition of the 
solid p)'oducod being indicated by the solidus (’K. * 

Now it follows from th* curves that mixtures containing loss than 
() per (amt. of silver can solidify to a single homogeneous alloy. For 
consider an alloy containing 3 per cent, silver. 'I'his will com¬ 
mence to solidify at the tcm|)eraturc repre-sonted by F, depo.siting 
cry.stals of composition represented by the point (1. A.s the tem¬ 
perature fulls, the liquid becomes richer in silver, as shown by the 
(mrve F.l, whilst the solid, if cooling is suiliciently slow, gradually 
absorbs silver, as shown by GH. At the temperature represented 
by the po'nt H, the solid has the composition of the original liqSid ; 
in other words the whole has bceome solid. If cooling is too quick 
to allow the njaintcnanco of equilibrium (as is usually the case), the 
alloy produced may not bo homogeneous, but it rviU become homo¬ 
geneous when annealed. 

On the other hand, supposing the original liquid contains 18 
))er cent, o.' silver, a homogeneous alloy can in no way be produced. 
Such a soluiion will commence to solidify at the temperature repre¬ 
sented by tho point J, the solid produced having the composition 
represented by the point H. If the alloy is slowly cooled further, 
the composition of the liquid changes in the manner .shown by the 
curve JB. and that of the solid as shown by HE. When the tem- 
peraturi^ 778“ 0. is reached, the metal is still ])artly liquid, and 
at the point B the curve AB is intersecterl. Gonscquently, at this 
])oint, the remaining metal .solidifies as a eiifectic of the two .solid 
solutions of conqiosition eoiresponding to the points J) and E; 
that is, as a eutectic mixture of silver eontaining 5 jier cent, of 


copper, and of copper containing (i per cent, of silver. 

The structurii of tho alloys is therefore easily understood. Copper 
contaiifing less than 0 per cent, of silver becomes homogene^ms if 
annealed •Sufficiently long; often 40 hours arc needed. After 
annealing the alloy has the polygonal structure and the colour 
of pure copper. Similarly silver containing less .than 5 per cent, 
of copper differs little in colour and structure froln pure silver. 
But all alloy.s between these limits remain heterogeneous, howe rer 


long they are annealed. Those containing 0 per cent, to 73 pei 
cent, of silver consist of primary grains of iirgentifcroiis^ copper 


' Ai’gentiforous — silver-beariiij?. 
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separated by-, or t'mbed(3e(J iij,^ a eutootlc. The alloy with 73 per 
cent, consists of ,thc (jutoctic alone, whilst alloys with more silver 
contain—besides the(| eutectic—grains of c^iipiiferous ' silver. 
Fig. D of Mie frontispiece shops a .section of a copper-silver alloy 
containing (il) per cent, of silver ; it consists of dark' primary crystals 
of argentiferous copper einbgdded in the eutectic. 

T'hc determanation of the equilibrium diagram of this class of 
fdloys is carried out in the same manner as those of Glass 2. The 
('xact composition corresponding to the^ eutectic j)oint can be 
verified by Tammann’s method of eutectic times. The positions 
of the points E and 1) arc often a matter of uncertainty. They 
are best determined by annealing alloys of different compositions 
and examining the results microscopically to ascertain whether 
the alloy has become homogepcous, or whether it contains traces 
of eutectic between the grains. For instance, an alloy containing 
7 per cent, silver, ff3 per cent, copper annealed for 40 hours, still 
shews eutectic between the grains, whilst an alloy containing only 
5-75 per cent, of silver becomes homogeneous in that time. There¬ 
fore the true 2 )osition of the point E must fall betjween 5-75 per 
cent, and 7 per cent, of silver. 

It may ap|)ear that alloys of this class differ but little from those 
of Class 1. As regards mixtures in which the two constituents are 
j)resent in anything approadiing equal amounts, this is true. ]5ut 
where one constituent is present in oidy a very small quantity, there 
is a most important distinction. Consider, for instance, a com¬ 
mercial metal containing, as an impurity, 0-.7 per cent, of some 
other metal. The material is really an alloy- although the name 
may not in practice be applied to it. If the two coiLstituents form 
an alloy of Class 1, the impurity will be concentrated between the 
grains as a eutectic, whilst, if the alloy belongs to Clas.s 2 or Class 
3, it will be fotnul, in solid solution, uniformly distributed through 
the grains. The difference between .;{hc two cases is of immen.se 
importance, as will be seen later, in determining the mechanical 
and electrical properties of the material; the presence of the 
impurity between the grains is very liable to cause inter-granular 
fragility, whil^jt an impurity in solid solution is generally rather 
beneficial to the mechanical properties, although detrimbiital to the 
electrical properties. 

Class 4. Cases in which an intermetallic compound of 
definite composition is formed. 

An example is provided by the alloys of magnesium and lead ® 
(Fig. 5fi). 

* Cupriferous = ijoppor-boaring. 

* 0. Grubo, Zeitscfi. Amry. Chr.m. 44 (1905), 117. 

V 
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No now ])i'inciple is int»xluo(ll in cases in which an.intwanetallio 
ooinpouiKl is formed. JjOad and niagnosnnn niitc to form a definite 
compound MgjPb.^ 'J'his oom])ound has a ijielting-point of,550“; 
that is to say, the solid compound is in equilibrium with a liquid 



of the same eomposition at that temperature. ItVnay, however, 
exi,st in e<piilibrium with fused metal containing more lend or more 
magnesium than this amount at lower temperatures, a.s is shown * 
by the curve XBY. The solid does not retain lead or mlt^nesium 
in solid solution. * 



214 METALS 4l(rD METALLIC COMPQUNDS 

: c . ' ‘ ' ' ' 

Similarly, pure molten lead solidifies 327°, but the freezing- 
point is lowered by thff presence of magnesium in the melt, as may 
be seep from the^curve^CY ; molten magnesium solidifies at 650° C., 
and the «iu',ve AX shows how the solidifying point is lowered by 
the prescn'cd of lead. ' ' 

It will,be obvious from the diagram that a liijuid containing 
less tjian 07 pe,f' cent, of lead will first deposit crystals of magnesium 
Kntil the residual liquid is of the eutectic composition (67 ^er cent.) 
indicated by the point X ; the structure of the resultant solid alloy 
will show large white crystals of magnesium embedded in a dark 
eutectic of magnesium and the compound Mg.PG. Ercshly pre¬ 
pared alloys with 67 to 81 per cent, of lead, will consist of steel-grey 
crystals of the compound embedded in the same eutectic; but 
the compound becomes rapidly oxidized in damp air, darkening con¬ 
siderably. Alloys with 81 to S)1 per cent, of load contain cry.stals 
of the compound Mg-Pb in a lead -Mg.Pb eutectic (“ eutectic Y ”), 
whfifit those with 97 to 100 per cent, lead will contain lead crystals 
together with the same eutectic. 

„The compound Mg^Pb has properties quite distinct from those 
of either metal. It is a brittle mass of metallic appearance, steel- 
grey in colour and becoming very bright wheji polished. It is, 
however, very ea.sily oxidized in damp air ; the large crystals soon 
fall to pieces, yielding a black powder, whilst eutectics containing 
the compound darken almost instantaneously. The compound 
decompo.ses water. 

One characteristic of intermelallic compounds is that they fre¬ 
quently solidify—not in dendritio or skeleton growths—but in 
well developed geometrical forms. In this respect they differ 
from most of the pure metals. Certain alloys of tin and antimony 
contain wonderfully perfect cubes of the compound SbSn. 

In some alloy-systcjns more than ojie intermetallic compound 
is formed, but this in itself introdiy,'Ks no fresh difficulty. The 
melting-point curve of the alloys of copper and magnesium,^ 
which form two cnmjjounds Mg./hi and Mgt'iu. has two maxima 
and three eutectic minima (Fig. 57). 

In many metallic substances, compounds between metids and 
non-metals, such as carbides, phosphides, oxides aneb-sulphides 
occur; many of these have quite definite compositions, and, in 
such cases, the alloys may visually be referred to Class 4. 

The determination of the equilibrium diagram of Class 4 of 
alloys presents no special difficulty, being founded upon the study 
of cooling-curves in the manner described in connection with 
Class !.*'• 

* R. Saliraen, Zeiisch. Anorg, Ghem. 57 (1008), 26. 

t 
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■ Class 5. The intermetallic compo)inbs fiavj not a 
constant composition,* being capable of including in their 
crystal-structure excess of one or bsth components and 
thus constituting a range of solid solutions! , * 

,Fjg. 58 show* the equilibrium diatgram for the alloyi •£ gold and 
magnesium.' Thoro arc three wcll-markefl maxima (B, C and 



D) corresponding to the lannpositions of the three compounds 
AuMg, AuMgj, and AuMg,. Of the.se eompounds, the first-named 
has the highest melting-point, lioing in cquilibryim with a liquid 
of the same compo.sition a.s itscjlf at 1,1C0“. If, however, the liquid 

' K. V'ogel, Zeilacli. Anorij. dicm. 63 (ISW!)), 169; ti. (1. Unisow, ZeUs^i. 
Anorg. Vhem. 64 (1909), 375 ; G. G. Urasov and K. Vogel, A7iorg. 

Chem. 67 (1910), 442. » 
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3ontains, fiithcr more .gold, or nu)re*magj)csium, than corresponds 
to the formula AuMg, the meliihg-point is lowered, as is shown by 
the liquidus curve XBY ; moreover, tinder these circumstances 
the solid in.equilibriuni with the liquid, no longer possesses the 
tompositiort AuMg, but contains the elements in the proportiops 
shown by^ the solidus curve PBQ. The mixed crystals formed 





Ato/^s per cent Magnesium 


Gold „ * ./ ■*• , ^ , Mainesmm 

• Ci/nposition(/r? atom/cpercentage) ^ 

Fic. 58.—The System GoUl-inagnesiura. 

Jong this solidu^ may contain anything between 36 and 60 Atoms 
^er Cent, of magnesium ; Imt, since they have a maximum sta- 
Sility at the exact composition AuMg—that is to say, they have a 
naximum*' melting-point corresponding to that composition—it 
3 fair to regard all the crystals of the series as varieties of the com- 


V 
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■ Class 5. The intermetallic compo)inbs fiavj not a 
constant composition,* being capable of including in their 
crystal-structure excess of one or bsth components and 
thus constituting a range of solid solutions! , * 

,Fjg. 58 show* the equilibrium diatgram for the alloyi •£ gold and 
magnesium.' Thoro arc three wcll-markefl maxima (B, C and 



D) corresponding to the lannpositions of the three compounds 
AuMg, AuMgj, and AuMg,. Of the.se eompounds, the first-named 
has the highest melting-point, lioing in cquilibryim with a liquid 
of the same compo.sition a.s itscjlf at 1,1C0“. If, however, the liquid 

' K. V'ogel, Zeilacli. Anorij. dicm. 63 (ISW!)), 169; ti. (1. Unisow, ZeUs^i. 
Anorg. Vhem. 64 (1909), 375 ; G. G. Urasov and K. Vogel, A7iorg. 

Chem. 67 (1910), 442. » 



218 ^ METALS AljlJ METi^LIC COStPOyNDS 

absence ofeany, simple formula which* can \)e assigned to the other 
two maxima leads to the Ibefief'that not all solid solutions can bo 
regarded as deriv'pd from compounds of simple atomic formula. 

The examine just given should be borne in mind, when wc pass 
on to considef the zinc-copper alloys, the brasses as they are 
called.' The diagram (Fig. C0| is rather complicated, and uncer¬ 
tainty .still exists regarding one or two parts of _rt. The liquidus 
curve consists of six portions (AB, BC, CD, DE, EF and Fll) dis¬ 
continuous with one another; the corresponding portions of the 



Fig. M.— The System Bismuth 'I'hnlliiim. 

f 

solidus (AH, BJ, CK, KL, and LM), which are all far from vertical, 
.show' how much tlii^ composition of the solid solutions varii's with 
the composition of the liquid from which they are depositetl. 

Bcloy the sojidus, the alloy is, of course, wholly solid • the 
necessary information regarding the character of an annoated bras.s 
of any known composition at any particular temperature is con¬ 
veyed by the Grcfk letters assigned to the different areas of the 
diagram. Unde^ ni'rtain (conditions of composition and tempora- 


* * W. C. Roberts-Austen, Proc. Inst. AJrch. Kny. (1807), 01 ; K. M. .Slicpiiord, 
P/iys. Giem. 8 (1004), 421 ; \'. K. Tntcl, MeUilluryie, 5 (l908), 349, 376 ; 
H. C. H. Carpenter and C-A. Edwards, J. Jnsi. Mel. 5 (1911), 127 ; 0. F. 
Hudson, J. Inat. Mat. 12 (1914),'_89. 
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ture, a brass may con^st of* a single homogeneous solgj solution; 
under other conditions' it may cbnSst of a complex of two im¬ 
miscible sofid solutions. For instance, the diagram shows that, at 
400° C., alloys containing anything between 0 and 3Cq)er cent, of 
jine may coi&ist of a single homogeneous solid soliAibn commonly 
known as the a-solution, whilst those between 36 per cent, and 
47 per cent, of iinc contain two solid solutions, a(jd are no,t bf>mo- 
gencofis. There are at’least six types of solid solutions which oacur 
in zinc-copper alloys., They are known as a, ji, y, d, e and 
In addition there is another component, /)'„ which is thought by 
Carpenter and Edwards ^ to be a fine eutcctoid mixture of a and y, 



1'’ki. on. —The Sj-.-iteiu ('opiuT-ziiic (Shejihcrd’K IJingrnm witli Modification 
suggested by OoKch). 


* whilst Hudson - and o'.hers prefer to regard it as a distinct solid 
solution. It certainly appears to jjossess properties of it.s own,^ 
and it i.s convenient to treat it pi'ovi.si(mally as a homogeneous 
substance, although it is quite likely that the '•.’iew.s of ■■Carpenter 
and Edwards, who reganl it a.s a eomiilex. may ultimately prove 
to be cori-eet. 

^ H. tl. (.'ju'peiitc'r and A. I'tdwiuds, 5 (ttUl), 127 : 

It. (J. H. t'afpeiitor, ,/. Imt. M<1. 7 (lt)l2), 70 ; 8 (1012), .71 ; 12 (191-1). 101, 
“ 0. K. Hudson,./. hint. Met. 12 (1014), 89. (See also H. De.scli, ,7. l^sl. 
Met. 5 (1911), 171: 12 (1914), 104, 

" L. ttuillet. Rev. Met. 11 (1914), llOtl. Sir H. Miuilz, J. htkRMel. 5 (1911), 
182. * 
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Each of, these solid solutions has a comp 9 sitioii varying between 
wide limits, as is shown by ftie diagram ; nevertheless, there are 
certain properties possessed by each of the six solicj solutions almost 
indepenifentJy.ol the coiAposition.* The u-solution is soft, ductile 
and malleabld(r-brass (i.c. brass containing less thafi 36 per cent, 
of zinc) can readily be rolled cold. The /J-solution is somewhat 
harder, stronger,,but less ductile, wdiilst the y-solutton is very hard 
and> very brittle. The so-called '■/f,-solutilm,” which raay'really 
be a fine mixture of a and y, is also incline(j towards brittleness. 
Brasses containing 36 per cent, to 47 per cent, of zinc contain /li 
in addition to a, and such brasses are commonly rolled hot. Above 
470°, the fli cbaiiges to [I, and rolling can be conducted with im¬ 
punity. If rolled at too low' a temperature, the same brasses are 
liable to break: the transformation from fl to //,, which occurs 
below 470°, is sometimes called *che black-hot breaking-point ” 
of bra.ss. 

Alloys containing the y-solnlion as independent crystals are 
extremely brittle, and con.sequently bra.s.scs with more than about 
50 jjer cent, of zinc arc of no practical use, except, jK'rhaps, for 
ornamental castings. The d-solution is also hard and brittle, 
whilst the e and ^psolutions arc somewhat softer, and are said to 
resemble zinc in their general properties. 

The colours of the different solutions are also characteristic ; the 
«-solution is yellow, tlu^ /fi-solution is reddish, the y-solntion is 
white, whilst the r- and jpsolntions are greyish-white or bluish- 
white, recalling the colour of zinc. In the light of these facts, it 
is easy to understand the following table, which gives the colours 
of the alloys of different composition. It will be noticed that the 
bra.sse,s of the /f, range are more reddish than those which contain 
more copper: 


100 per cent. Copiwr 
08 00 
73-63 
63-.')0 
40-43 

43-4J ., . 

20 

22-0 


Bed 

Yellow-red 

V'ellow 

Jted-ycllow 

f’inkish-grey 

Silver-white 

Light grey 

Bluish-white 


The use of the tfc-eek letters to represent the different solid solu¬ 
tions has one considerable advantage in that it involves no expres- 


I ‘ (i. H. (iuljiver, " .Metallic Alloys ” ((irilliii), p. 275 ; T. Reinglas, 
''C’hemische Technologic der Legiei'ungen " (Spnmer, 1919), pp. 286-29(1; 
E. S, Shepherd, J. Phys. Chem. 8 (1904), 424. 
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ture, a brass may con^st of* a single homogeneous solgj solution; 
under other conditions' it may cbnSst of a complex of two im¬ 
miscible sofid solutions. For instance, the diagram shows that, at 
400° C., alloys containing anything between 0 and 3Cq)er cent, of 
jine may coi&ist of a single homogeneous solid soliAibn commonly 
known as the a-solution, whilst those between 36 per cent, and 
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1'’ki. on. —The Sj-.-iteiu ('opiuT-ziiic (Shejihcrd’K IJingrnm witli Modification 
suggested by OoKch). 


* whilst Hudson - and o'.hers prefer to regard it as a distinct solid 
solution. It certainly appears to jjossess properties of it.s own,^ 
and it i.s convenient to treat it pi'ovi.si(mally as a homogeneous 
substance, although it is quite likely that the '•.’iew.s of ■■Carpenter 
and Edwards, who reganl it a.s a eomiilex. may ultimately prove 
to be cori-eet. 

^ H. tl. (.'ju'peiitc'r and A. I'tdwiuds, 5 (ttUl), 127 : 

It. (J. H. t'afpeiitor, ,/. Imt. M<1. 7 (lt)l2), 70 ; 8 (1012), .71 ; 12 (191-1). 101, 
“ 0. K. Hudson,./. hint. Met. 12 (1014), 89. (See also H. De.scli, ,7. l^sl. 
Met. 5 (1911), 171: 12 (1914), 104, 

" L. ttuillet. Rev. Met. 11 (1914), llOtl. Sir H. Miuilz, J. htkRMel. 5 (1911), 
182. * 
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whicli wrung, and winch, merely meaningless. Already a com¬ 
parison of the. X-ray patterns obtained with different,brasses has 
shown Ijiat n-hrasses cojitaining 10 per cent., 30(per cent, and 35 
per cent, of* zinc give essentially the same pattern, indicating that 
they are built hpon the same system of crystal-archifccture, whilst 
a brass with 40 per cent, of zinc, which contains the ^-constituent, 
gives quite a different imttern.* 

The equilibrium diagram of the bra.s.se.s Is by no mcajis the most 
complicated among the diagrams of dilTenyit systems of alloys, 
but even diagrams which appear at first sight most formidable, ar(' 
ea.sily understood after a little study. The reader will, however, 
appreciate the amount of patience which it mnst have required 
t<i work out some of the.se system.s, and he will not be surprised 
to note that disagreement—similar to that prevailing over the 
question of the nature of /fi-brass — e.xists in many other cas('.s. 
It i.s impossible to give any detailed description of tin' processes 
employed to obtam a diagram of a complex .system, but it is worth 
while to recall three valuable methods v\hich have already been 
mentioned. , 

(1) The first “ kink ” upon a cooling curve gives a point on the 
“ hquidus,” and subsequent kinks indicate other transformations 
occurring at lower temperatures. 

(2) Where a eutectic occurs, the comparison of the eutectic 
times of alloys having different compositions, allows the exact 
composition of the eutectic to be calculated (Tammann’s method). 

(3) By chilling alloys from different temperatures, information 
regarding the structure at the temperature of chilling is obtained 
(Heycock and Neville’s method); this is esjiecially useful in deter¬ 
mining the position of a “ solidus ” curve. 

Mechanical and Electrical Propertie.s of Alloys. In the 
examples of alloys discussed above, two of the properties, the 
melting-point and the colour, have beer, kept especially in vic'w. 
In considering the brasses, it has been convenient also to refer to • 
the mechanical properties. It is necessary now to discu.ss the varia¬ 
tion of mechanical properties with the conijiosition of alloys in 
general. » t 

The mechanical properties of the alloys of Class 1 do not differ 
very strikingly from those of the pure components.- This i.s quite 
to be expected, for the alloys are really merely conglomerates of the 
two metals. If Doth the components are malleable, the alloy 
will he malleable; if both the components are brittle, the alloy 
will be bridle. If one component is malleable and the other is 

' S. Nishikawa and (fi Asahara, Fhys. llev. 15 (1920), 4(t 
“ L. (iuillet, Comptes Rend, 144 (I!lp7), 1273. 
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brittle, the properties will depciiid upon thp clferacter of tlskcutcctic ; 
the eutectic pf load and bismuth, for instance, is scarcely malleable, 
and the presence '»f bismuth in lead greatly reduces the mal[eability 
of that metal. Other properties of the a'l’loys of this tinss- such 
a« electrical conductivity—usually fall between the'\uduos of the 
two components, as would be expected. 

In several metals, which are serviceable when pnj-e, the- preseiu'c 
(if small amounts of certain impurities between thi^ grains lias a- 
most disastrous effect in causing inter-granular weakness. ('op])cr 
e.onlaining a trace of o.xygen, which exi.sts as a eutectic of cojiper 
and cuju'ous oxide at the boundaries of the grains, is (|uilc brittle. 
Likewise c(jp|)er containing a small amount of bisimitli, wliich 



colkaffs at the grain boundaries, is very fragile ! here the " eutectic ” 
consists of practically ptife bismuth.' 

» When, as in alloys of Classes 2, 3, or 5, mixial ery.stals containing 
both metals occur, the alloys are usually harder and more unyielding 
than either component. A very small quantity of a second element 
in a metallic crystal raises the hardness in a mos^ marked degree." 
Fig. (11 ^hows the hardness curve of the alloys ot silver and gold, 
metals which can form solid solutions in all proportions. It will 
be seen that the hardness of the alloys is for the most part far 
greater than that of either component; a maximum hardness is 
reached in this case—and indeed in many others—when the alloy 
contains atoms of both metals in nearly equal numbers. 

i •* 

' K. Joriomin, Zeilscli. Aiiorg, Chem. 55 (1997)« 412. 

^ N. S. Kumakow and S. F. i^emcjpuzny, Zeitsch. Anorg. Chem. 60 (1908), 1. 
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The livmdiu'ss of a tniaterial gives a r<,mgh idea of tli<! tensile 
strength, which is clearly greater for alloys of this class than for the 
phre co^nponent .metals. On the other hand, t^c ductility of the 
alloys is genorally less tlian that of the components. As to whether 
an alloy will 'he more serviceable than the pure m'etals will vary 
in different ca.ses, and will, o^ course, also depend on the use to 
which,the, material is to be put. If—in our na.tural desire to in¬ 
crease the tensile strength we allow the ductility and malfoability 
to be reduced too far, the alloy w'ill be liable to break if subjected 
to momentary .shocks of exceptional character, instead of yielding 
to them. What is generally required of a material is “ toughness,” 
a combination of strength and ductility. The useful alloys are 
mostly those which possess this qualification.^ Most of the im¬ 
portant industrial alloys- Brass, Bronze, Monel Metal, Nickel 
Bilver, and many of the new ligh'i aliiminiuin alloy.s—consist mainly 
of sohd solutions. The commonly practised addition of copper 
to gold serves to maki' the metal harder and more ivsistant to wear, 
mixed crystals of gold and copper being pirodueed. 

/.)n the other hand, where a soft, ductile and malleable material 
is required, a sjx'cially j)ure form of metal is usually sought. The 
small amount of impurity usually found in commercial metals— 
whether present in solid solution or as a eutectic between the grains 
-generally interferes with these qualities. 

The cause of the unyielding character of mixed crystals- - as com¬ 
pared with the crystals of a single metal.has been the subject of 

much discussion.- The fact that the alloys have a lower ductility 
and greater strength than their components is a .sign that—for some 
rca.son—gliding does not occur readily in the mixed crystal. In 
the crystal in which all the atoms consist of silver, one lay(‘r can 
slide readily over another; the .same is true if all the atoms are gold. 
But if some of the atoms are gold and others silver, the sliding 
seems to become less ea,sy. If the atoms of gold were different in 
size from those of silver this would not be difficult to understand; 
but, as a matter of fact, the atomic volume of silver is almost exactly 
equal to that of gold. 

A satisfactory, explanation is provided if the a.ssumption is made 
that the force existing between unlike atoms is always greater than 
that holding together two atoms of the same kind ; it would 

* See F. C. Tho,Mpson, Trans. Faraday Foe, 12 (1917), 23 ; T. Turner, 

J. Inst. Met. 18 (1917), 92, 93. 

“ See ©specially 0. H. Desch, I'rans. Faraday Foe. 10 (1915), 251. 

'' ® (I. Tammanii, “ Jjohrbuch der Metallographio ” (Vo.sa) (1914 edition), 
pages 331 332. A rather similar view is clearly stated and developed by 

VV. Hoseiihain, Froc. Hoy. ^oc. 99 [A] (1921), 190. See also Z. Jeffries and 

K. S. Archer, Met. Chan. Eng. 26 (1922), 249. 
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follow from this assumption that thci forco^netded to divi(ii» a mixed 
crystal containing both silver amf gold atoms into two halves 
along a cleavage plane—or even to make one half glide ugon the 
other-' will be greater than the eorrespoirfling forces ii'quired to 
oause cleavage Or gliding in a pure metal. The, assumption required 
appears to be entirely in accordance^ with the view of ii^tcr-atomic 
force which has already been sketched in the Introiiuction. .Mere- 
over thP theory explains? adequately why the greatest hardnesses 
generally met with wjjcn the mixed crystal contains an equal 
number of atoms of each component. 

Another property in which an alloy of the mixed-crystal type 
(Cla.s.ses 2,1! and 5) always differs from the component metals is the 
electrical conductivity.' Pure metals arc good conductors of 
electricity; mixed crystals conduct far less well. The curve 



indicating the electrical resistance of alloys of two metals whicli 
form a complete series of mixed cry.stals resembles closely the curve 
of hardne.ss. The curve showing the conductivity is naturally like 
the hardness curve inverted, and has normally the form of a broad 
U. Pig. ()2 shows the conductivity curve of the silver-gold series 
of alleys.^ The practical effect of impurities ujion tjie conductivity 
of a metal is important. Copper required for use in electrical work 
must be of the purest character; as little as 0-35 per cent, of 
arsenic in solid solution reduces the conductivity by a half." Alu¬ 
minium, antimony, phosphorus, and silicon, whicli likewise form 

' Much useful information on this subject has been collected by A. L. « 
Norbury, Trantt. Faraday Soc, 16 (1921), 570. ^ 

' W. Quertler, Zeitach. Amry, Chem. 51 (1900), 403. “ 

“ N. Puschin and E. Bischlor, Zeitsch. A nary, C fkm. 80 (1913), O.'i. 

M.C.- VOL. I. * Q 
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solid solotions with chppor, have also a serious effect on the cor 
ductivity. On the other hand, the presence in copper of bismuti 
lead, tellurium, and selenium, impurities which do not enter th 
eopper erj^stals, but aiicumulate as a eutectic at the boundarie 
of the grains," are much less deleterious to the electHcal properties 
It is interesting to note that it is just these substances, which hav 
comprratively 'ittle effect on the conductivity, that cause mechani 
efil weakness, and a tendency to inter-granular fracture. 

Before discussing the cause of the relatively poor conductivit 
of alloys, it is necessary to adopt some view regarding the mechanist 
of the passage of electricity through a pure metal. Lindemaim’ 
theory appears to be most helpful. ^ According to Lindemann, th 
loosely bound electrons of the metallic atoms (i.e. the valeno 
electrons) exist in the crystal structure in the spaces between th 
atoms, forming a second lattice of electrons “ interleaved ” wit 
the lattice of atoms.''^ When an E.M.F. is ap 2 >lied, the elcotroi: 
lattice moves relatively to the atom-lattice, thus causing the cor 
duction of electricity through the metal. Now in a pure meta 
where all the atoms arc alike, the electrons w'ill be equally attractc 
- or equally repelled—by all the atoms, and will therefore be fre 
to move easily between the atoms. True, if the atoms are in 
state of vibration, the passage of the electrons will be hindere 
somewhat; and accordingly there is, even in pure metals, a cor 
siderable electrical resistance at high temperatures, although a 
very low temperatures (c.g. 3° Absolute) this resistance become 
almost negligibly small. But if the atoms are of two separat 
kinds, the regularity of the two inter-penetrating lattices will b 
disturbed and the free passage of the electrons through the atomi 
lattice will be obstructed considerably. It follows that mixe 
crystals will conduct less well than pure crystals at the same ten 
perature. 

The physical properties of alloys of' (Jlass 4 still remain to b 
considered; tlu'se contain intermetallic compounds of definif 
composition. Such compound.s--like Mgol’b- are usually han 

^ F. A. Liiidf'inami, Moff. 29 (1015), 127. Seo also W. C. McC. Jjowi 
C/tem. f^oc, Aiin..Jie2). 17 (1920), 7, 8. tlieory of the cliiriinist^?d coi 

ductiviCy of laixed crystals which can bo devoloped from Lindenxiinn’s vieis 
is closely analogous to the theory of the increa.sod hardness given by V 
Rosenhaiii, Froc. Boy. ^oc. 99 [A] (1921), 196. 

* According to o^ie view, duo to G. Borelius, Phil. Mag. 40 (1920), 74' 
the structure of rtTjtallic copper may be compared to that of a salt like sodiu] 
chloride. If we imagine that the places occupied by sodium atoms are fille 
by copper atoms, and the places occupied by the chlorine atoms are i^od t 
free electrons, we obtain a possible picture of metallic copper; it is clei 
that not t*i’y are the copper atoms placed upon a face-centred cubic lattic 
but the electrons also forp^^ a second face-centred cubic lattice interpenetratir 
the first. 
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but are generally extremely brittle., 'fh(j .salue .stat«me/lt applies 
to many of tlje compounds formed between metak and non-metals, 
such as iron carbHe, which are important components of,alloys. 
Apparently in such compounds the natural*[)lane.s aloi.g’which the 
abjms are arrayed behave rather a.s plane.s of cleavage tlian as planes 
of gliding. It is of interest to recull (ho fact that iu ordiniyy 
compounds such as,sodium chloride, where the conip»nent clcjnents 
arc c.ssentially di.ssimilar’to one another, the .same observatitfii 
holds good. • 

As a result, alloys in which the.se interiiietallic compounds 
0 (!cur - other than in a eutectic ar(! lirittlc and, in most cases, of 
no commercial importance. White cast ir<in, whicli contains a 
(s)nsidcrablc amount, of free iron carbide (although of impoi-tancc 
as ( he raw material for making malleable cast iron), is too brittle 
to be used for most purposes in the unmodified state. 

Whilst the intcrmctallic compounds of constant composition 
are generally ujidesirable in coinmorcial materials, the nuiiKtons 
iiidirstrial alloys of Cla.s,s o contain solid .solutions which (as already 
c.\plain('d) mjiy jirobably be regarded as being interiuetallic eom- 
poiinds containing (excess of one or other constituents. The pro¬ 
perties of alloys of this class re.semble those of Classes 2 and 3 rather 
than those of Class -1. The mechanical properties of the brasses— 
which belong to Cla.ss /)— have already been considei-cd. 

Sunimai N'. Alloys formed between two metals may be cla.ssified 
according as (hey form : - 

(1) Xo ini.xed crystals (gold-thallium alloys). 

(2) A complete range of mixed ci-ystals (copper-nickel, silver- 

gold, copper-gold). 

|3) Limited range of mixed crystals (co|)i)er-.si)v(‘r). 

(-1) Intcrmctallic compounds of fixed atomic composition 
(magnesium-leat^, magnesium-copper). 

(b) Intcrmctallic coinpm nds of variable composition, forming 
a range of “ solid solutions ” (magne,simn-gold). Con¬ 
troversy prevails as to whether .some of the " solid 
solutions ” (e.g. in the brasses) arc related to dclinite 
, compounds or not. Certainly in the cake of biitlnuth- 
thallium alloys, they do not appear to be so related. 

Like, metals tend to form mixed crystals in wl;ich the atoms of 
both play the same part in the crystal structure ) unlike metals 
form interrnetallic compounds in which the atoms appear to have 
different rdlcs. The formnlm of intermetallio compounds are not 
determined by the ordinary valency of the metal. 

The equilibrium diagrams of tljp various .systems are worked out 
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by the irtudy of coolnig/luyvcNs takCu oiif mixtures of known com 
position, supplemented by Tammann’s method of eutectic times 
and t{).c Heycock-Ncvillc method of quenehii.g from a kirow] 
teraperatftrfr. ' 

In general, the structure of alloys of Classes (1) and (4) wii 
consist of .primary crystals embedded in a eutectic ; alloys of Clas 
(2) wjH be hoKiogeneous whoi annealed (showing polygonal struc 
tbre), but may appear heterogeneous when cooled rapidly, dis 
playing dendritic " coring.” Alloys of Classes (3) and (5) will b 
homogeneous or heterogeneous according to their composition. 

The physical properties of alloys of Cla.ss (1) are usually inter 
mediate between those of the pure metals, but this is not the cas 
in the other classes. Solid solutions and mixeil crystals are harder 
stronger and less ductile than the pure components ; this is ex 
jrlained on the assumption thai the attractive forci^ between unlik 
atoms exceeds that between like atoms. In the alloying of metal 
for eteehnical purposes, “ toughnc.ss ” (a combination of grea 
strength and moderate ductility) is generally required. Mos 
technically important alloys belong to Classes (2) and (.5). 

The electrical conductivity of mixed crystals is less than tha 
of the component metals. Iiiqmrities in co])])er alTeet the meehani 
cal and electrical properties in a different way. Those that collee 
between the grains cause inter-granular weakness, but do no 
seriously affect the conductivity ; those that jrass into solid solutioi 
do not affect adversely the mechanical qualities, but reduce th 
conductivity to a very marked extent. 

Intermetallie compounds of delinite composition are generall' 
brittle, and most of the alloys containing them are of little practica 
importance. 



■ PART II 

THE STUDY OF THE IONIC STATE 
(ELECTRO -CHEMISTRY) 

('HAl’Tl'IR V 

THE PAkSKAOE OE ELECTRICITY THROU(JH A 
.SOLUTION 

Mechanism of Electrolysis. Whoii a. of electricity 

|ias.ses tliroi!|;h a metallic eoiidmtoi'. the metal mulergoes no 
change apart from a sliglit 
rise ol tempei'atni'(‘. But 
when electricity passes 
through a. solution, it ])ro- 
(liiees two other marked 
ctTects; liratly, it causes 
motion within tin- liquid, 
and secondly, it ca\i.ses 
decomposition. Their, is 
evi'ry rea.son to think that 
the two ellects are closely 
eonuected. 

The decomposition is 
(.^sily observed. If two 
plates, or “ electrodes,” of 
lilatiuum are immersed ('onduciiou. Electrolytic Cell 
in a'green solution of » » 

nickel cffloride, and are joined by wires to an electric battery 
(Pig. 63), a deposit of metallic nickel is produced on the negative 
electrode or cathode, whilst chlorine gas is evolved at the positive 
electrode or anode. The decomposition can he summarized by 
the eipmtion, 

NiCl., ■ Ni + CL 

But, according to the Ionization Theory, which has been sketched 
?29 
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in the introduction, Iho ,niokel and* chloijine exist in the solution, 
before ever the current is passed through it, as virtually separate 
“ ions.” The nickel ion consists of a nickel afom bereft of two 
electrons ? it posse.ssdi, therefore, two positive charges and is 
written Ni'.' The chlorine ioii is a chlorine atom with one exfra 
electron ; ,,it possesses, therefofc, a negative charge, and is written 
Cl’. The two ions are generally supposed to bo in equilibrium with 
ascertain quantity of undissociated nickel chloride molecules, thus 

NiCL Ni" + 2Cr <■ 

Before the electric current i.s passed through the solution, the 
nickel and chlorine ions are moving about separately through the 
solution -liy virtue of the ordinary thermal agitation—just as 
though they were separate molecules. When the electrodes arc 
immersed in the .solution, anck an E.M.K. is applied by connection 
With the electric battery, a “ directives influence ” is exerted upon 
thisjihermal movement, which has hitherto taken place with equal 
facility in all directions. The positively charged nickel ions 
commence to move more readily towards the negative pole or 
cathode than in the opposite direction, and the outcome is that 
—on the whole—there is movement of nickel ions towards the 
cathode; similarly, the chlorine atoms commence to move—on 
the whole—towards the anode. The undissociated nickel chloride 
molecules, being uncharged, take no direct part in the movements. 

The electric battery, when furnishing a current, ])ushcs a steady 
stream of electrons outwards from the so-callcd negative terminal, 
and sucks in a steady stream at the so-callcd “ positive ” terminal. 
Now consider the layer of solution quite close to the cathode of the 
electrolytic cell. Here the nickel ions will be attracted on to the 
electrode surface itself. Within the cathode there is a supply of 
electrons arriving from the negative terminal of the battery, and 
the nickel ions which are arriving frotn the solution are each fur¬ 
nished with two electrons, and tiiiif, become atoms of metallic 
nickel, which array themselves after an orderly fashion to foriTTa 
layer of crystalline nickel. The electrons needed to convert the 
nickel from the ionic to atomic form continually uses up tho_supply 
of eleciirons on'the platiiuim, and the constant .stream of electrons 
from the battery is simj)ly required to keep it replenished. Using 
the symbol c to respresent an electron, the cathodic reaction can 
be written :— , * 

Ni” -f 2e - Ni 

• Meanwhile, at the anode, ehlorinc ions, bearing their extra 
electron.'?’; ’are attracted by electrical forces on to the electrode, 
where the extra election is given^up and is sucked away into the 
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platinum by the electro-motive force of the hattery. Ti)^ chlorine 

atoms left uncharged, joiii in pairs tb fbrm molecules, which collect 
together as bubblfs of chlorine gas. The anodkrrcaction can thus 
be written in two stages :— 

, 2CT = 2C1 -f 2e 

2C1 =CL 

It will be seen, therefore, that the apparent passage of eleotneity 
through a solution is not due to the pas.sage of free electrons freftn 
cathode to anode, bu> is dependent upon the movement of two 
■streams of charged ions, one moving to the cathode, and one to the 
anode. The transformation of ions to the atomic state at the 
cathode results in the absf)rption of the e.xctess of electrons which 
is provided by the electric current, whilst, at tlie anode, the dis¬ 
charge of the, negative ions results in the production there of a 
corresponding excess of electrons. From the electrical—as opposed 
to the cheinicah -point of view, the result is exactly the, same as 
though th(! electricity were passing straight through the solution 
from cathode to anode, and it is possible, therefore, to as.sign a 
definite “ chjctrical conductivity ” to the solution. • 

In the case of nickel chloride, the substances ])roduoed by electro¬ 
lysis have the same composition—apart from the question of excess 
or defect of electrons—as the ions which are di.seharged. Often, 
however. Important secondary changes occur at the electrodes. 
Many metals react with water, as soon as they are produced at the 
cathode, yielding hydrogen and a hydroxide ; similarly, the anions 
of the .salts containing oxygen often react with water after giving 
u[) their (dciitrons. producing o.xygcn and an acid. Thus .sodium 
sulphate (Na^SOj) undergoes the following changes on electro¬ 
lysis 

(1) Al. the (JiUliode, 2Na' -f 2c 2Na 

2 Na + 2K./) = 2NaOfl -f H. 

(2) Ai ihe. Annh, SO'' =- SOj + 2e 

' SO, -fH^O ^- HjSO, +0 

The final result of the decomposition is that the solution becomes 
alkaline round the cathode and acid round the anode, whilst hydro¬ 
gen ancl oxygen gases are respectively liberattsd at the two 
eleetrodcs. 

In the cases considered so far, it is assumed that the electrode 
material takes no part in the change; where a’ platinum electrode 
is concerned, this is-- at least to all outward appearance—true. 
But supposing that in the electrolysis of nickel chloride a nickel, 
anode were iwed, the chlorine produced would then.4!,ttack the 
nickel yielding nickel chloride, which would dissolve in the solution. 
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replenishi«>g the nickeMost bjf deposition of metal upon the cathode. 
The nickel chloride, on dissolving, would split up largely into ions. 

In such a case,, the anodic reaction can thus bcicxpressed in three 
stages t 

■ • 2CT=-'2Cl + 2e 

2C1 + Ni =. NiCl., 

' , ' , NiCl., Ni" + 2C1' 

» 

Adding these three equations, and eliminating what is common to 
both sides, we get' 

Ni Ni" + 2e 

Thus the final result of the change, where a ” soluble anode ” is 
used, is that the atoms of the anode metal pass into tlie ionic 
condition, leaving behind their electrons, which are sucked away by 
the electromotive force of the'' battery. It is possible that the 
simple equation 

• Ni — Ni” + 2c 

actually represents events occurring at a soluble anode as truly as 
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the three-stage reaction which was first suggested. It may be tfflt 
the nickel to a large extent enters the solution spontaneously, 
instead of waiting to be attacked by the di.scharged chlorine. At 
prcsenti> however, there is little exact knowledge of what occurs 
at the electrode boundary; it is impossible to say how far the 
chlorine “ crosses the boundary to carry off the nickel,” or how 
far the nickel crosses it spontaneously in the opposite direction; 
possibly both nickel and chlorine advance half-way acro.ss the 
^ boundary to meet each other. 

Experkuental Demonstration of Ionic Movement. It has 
been stated that an ciectrie current passing through a .solution 
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causes not only decomposition at the clcctrodhs, but also movement 
of the dissolved materials throughout the body of the solution : 
the ionic theory »ttributes the movement and the decomposition 
to the same cause. » • 

iPhe movement can be experimentally demonstrirtt d in many 
ways, Two vessels A and B (Fig. 04) containing dilute sulphuric 
acid may be coniK-ctcd by a tube filled with a jelly mijde of agar-a^ar 
containfng sodium chlorifle and a trace of phcnol-phthalein rendered 
pink with alkali.* Tlje vessels contain two platinum electrodes, 
and when a current is pas.sed between them through the jelly, 
hydrogen ions from the anodic vessel A 
commence to move towards the cathode ; 
as they jia-ss through the jelly they 
neutralize the hydroxyl ions of the alkali 
and thus dc.stroy the pink colour *of tln^ 
jihcnol-phthalein. The advance of tlio 
white region along the tube gives a 
method of measuring the \'elncity of 
movement of the hydrogen ions. 

The movement of the other ions through 
jelly under the influence of the electric 
current can be followed if suitable indi¬ 
cators are used.- If the vessel A (Fig. 

(14) contains barium chloride solution, 
and the jelly contains sodium chloride, 
together with a trace of sodium sul¬ 
phate. the advance of the barium ions 
is recognized by the cloudiness duo to 
the insoluble barium .sulphate which i.s 
formed as they advance. Conversely, if 
the vessel B contains sodium sulphate, 
and the jelly contaii\s .sediura chloride 
and a trace of barium chloride, the 
velocity of the movement of the (1SO4)'' 
ions can be measured in the .sa)ne 
way.. 

If thction whose movement is being studied is ilself coiffured, it 
is possible to dispense with an indicator ; furthermore, if the tube 
connecting the two vessels is vertical, and one of the solutions 
employed is slightly heavier than the other, the jelly may be dis- 

’ Sir O.fJjodge, Brit, ri.v.wr. Itcp. 56 (1S80), i(9(>. 'flic genernf (irineiple-s of 
tliese mol hods iiro well dismissed by H. il. \VIiettium. " 'flicory of Solution ’■'* 
(<fumbrid)ro I'nivorsity hross. 1002), pp. 21()“22(i. 

“ \V. f. 1). tVhothain, PhU. rruu.^. 186 |A | (U(»,-|), ’,07. 


Colourless 


*~Boufidartj 
wovinf upmrdi 


A 

li'Ki. (if).—I'lio Muasuir- 
inuiit of Ihc Velocity of 
!i Coloured loii (Whot- 
linin'M Motliod). 



234 METALS ANjp METALLIC COftPQUNDS 

' ' ' I ' 

pensed wjl^h also. Wlt.etham ^ used the'apparatus shown in Kg. 66 
to measure the velocity of thd copper ioA (Cu"); the vessel A is 
filled with copper chloride solution, whilst the ve^el B is filled with 
ammonium fhlorido solution; each solution contains a trace of 
ammonia, which serves to brihg out a deep blue colour wh^re 
copper is present. The boundpy between the two solutions in the 
vertical connccjtiing tube C is marked by the sharp termination of 
thf, blue colour. When an E.M.F. is applied between the elfcetrodes 
in A and B, the blue colour commences to expend upwards along the 
tube, and the rate at which the boundary travels measures the 
velocity of the copper ion. In the same way the velocity of the 
orange anion of potas.sium diohromate (Cr.O;)" has been measured. 
It is found that the velocities of the (CrjO;)" ions when measured 
in a jelly and in an ordinary liipiid solution, do not seriously differ, 
and this fact gives support to h'le numbers obtained for colourless 
ions, which can only be arrived at by the use of jelly. 

It^is found that the velocity is in all cases proportional to the 
potential gradient. The velocity under “ unit potential gradient ” 
--that is, 1 volt per cm.--is characteristic of the ion, and is called 
the “ mobility.” The following table shows some of'thc numbers 
obtained for the mobilities of different ions - 


Symltol. 


I Mobility 

1 (cms. pet Bee.). 


Kyfirogou.' H' 0-00^0 

Copper.I (’ll" ; 0-00031 

Barium. Ba" 000030 

Silver.‘ Ag- 0-00040 

Suljiiiate. (SO,}" 000045 

Biehroriuite. ((VoO;)" 0-00047 


it will be observed that the hydrogen ion is much more mobile 
than any of the others. This is easily understood in view of TJs 
extreme lightness. 

The mobilities of certain ions, such as those of potassium and 
chlorine, appeaf to be fairly independent of the concentrfttion, and 
of the presence of other ions; often, however, the mobility falls 
off, as the concentration increases. This may be due in part to the 
fact that the viscosity of the liquid increases with the concentration, 
and therefore causes an increased resistance to the motion of the 


1 W. C. D. Wlietham, lidl. Trans. 184 [A] (1893), 337 ; 186 [A] (1896), 507. 
A method of determining the velocity of colourless ions without the use 
of an indicator is given by*0. Masson, PInl. Trans, 192 [A] (1899), 331. 
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ioiw. There are, however, two other and more import*jit causes 
which rvill be considered more fully at^i later stage, but which may 
be indicated’at this point. Firstly, it is thought that in a concen¬ 
trated solution, only a portion of the molc(Kiles arc dirsf»cia\cd into 
independent ions; any given ion ’will only be in aifree state for 
part of the time, since periodically it will combine with other ions 
of the. opposite kind to form undissooiated molecijlcs. Whilst in 
the coiribined state, thefo is no reason why it should move towawLs 
one electrode rather IJian to the other; consequently- -owing to 
these “ lapses ” into the non-dissociated condition—the progress 
towards the electrode to which it is moving will be less rapid. 
iSecondly, it is fairly certain that free ions, in a eonccntratofl 
solution, drag along with them undissociated molecules, and, for 
this reason, have their mobility reduced. In a concentrated 
solution of cadmium iodi(l(‘, it is f,^imd that the metal, as a whole, 
moves, not towards the cathode, but towards the anode ; this is 
commonly explained by the fact that the iodine ions (P) ,carry 
with them undissociated molecules of Cdl,, possibly forming 
definite complex ions [Cdtj]'. 

ft is at uie same time nece.ssary to point out that, in dilute 
solutions, the ions may drag along with them molecules of solvent; 
it is quite certain that a transport of water does occur when the 
ions mo\e towards the electrodes,' and if the two set.s of ions drag 
along difierent amounts of water, the resulting transport of water 
tow'ards one electrode can be measured. Many authorities think 
that the ions are definitely hydrated, i.e. snri’ounded with an 
“ envelope " of water molecules, which mo\-e along as an essential 
[lart of the ion. This notion has been adopted in order to explain 
the fact that the ions of metals po.ssessing the higlnst atomic volume 
are not always the least mobihe For instance, the caesium atom 
is much bigger than the atom of lithium and it might be expected 
that the frictional resistanci^ opposing the movement towards the 
electrode would be greates; in the case of the caesium ion ; in 
(iractice, however, it is foumi that the caesium ion has a higher 
mobility than the lithium ion. One possible explanation is that, 
althwigli the caesium afom. is undoubtedly bigger than that of the 
lithiumtJ.toTO, it docs not nece.s.sarily follow that tlie caesinm iuii 
that is, the atom without the valency electron—has a bigger radius 
than the lithium ion.- It is more usual to accept the view already 
■suggested, and to assume that the ions are h^dijited, the lithium 
ion having a larger amount of attached water, and being in conse- 

' R. Kemy. Zeitsch. Phys. Chem. 89 (1914-15), 497, 529. Soj^also H. ,1. S.* 
Sand, Tram. Faraday Soc. 15 (1919), 94. « 

“ See F. A. Lindemann, Trans. Faraday 6'oc. ^5 (1919), 166. 
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quence rgally bigger than the less hytlnlted ion of eaesiumA It is, 
however, not necessary to asSuriw' the existence of a definite number 
of water molecules permanently attached to th» ion ; it is more 
probabfe that the ions drag a certain amount of water with them 
when they 'move towards the 'electrodes, by virtue of electrical 
forces, and that the drag is greatest in the case of the lithium ion, 
which is con.sequently impeded mon^ in its migration than the 
heavy caesium ion.- ‘ ' 

Faraday’s Law. Since every metallic'ion carries a eharg(! 
corresponding to one, two, three, or possibly four electrons, according 
to the valency of the atom, it is clear that a simple relation must 
exi.st between the current which passes (or, at least, appears to 
pass) through the solution, and the amount of material decomposed. 

The atomic weights of any two metals. expres.sed in grams, must 
contain equal numbers of atoms*'; for examjile, ()5-,‘i7 grams of zinc 
contain the same number of atoms as 107-88 grams of silver. But 
zinc >s divalent: tin; zinc atom has, therefore, two more electrons 
than the zinc ion (En"), whilst, siivi'r being univalent, the silver 
atom has only one more electron than the silver ion (,;\g). If we 
define the Gram-Equivalent Weight as the 

Atomic Weight exprc.s,sed in grams 
N'aleiicy 

a little consideration will show that the conversion of one (Jram- 
Equivalent of any two substances from the ionic to the atomic state 
will require tin- same number of eiccti'ons. For instance, it will 

require as great a quantity of electricity to d<'|)osit *'*.,*", i.e. 32-1)8 

grams of zinc on the cathode as to deposit 107-88 grams of .silver. 

This result c;an be expressed as a general law, which was first 
experimentally demonstrated by Faraday. It can conveniently be 
.stated in the following form : " The quantity of electricity required 
to deposit the gram-equivalent vveight*=)f any metal at ii cathodejs 
equal to 96,580 coulomb,s ; that is, roughly, to 26-8 ampere-hours.” 
It should be added that the same quantity of electricity is inv'olvcd 
when one gram-eqtnvalent of a metal is di.s.solved at a soluble anode. 

The .‘iiatemen'i. of the law just given is subject to om.) rather 
important proviso, namely that the whole of tin' electricity is 
utilized in the de]) 0 ,sition or the di.s.solution- of the metal under 

* K. Lorenz. Zt'itsr/t. }*fnfs. 73 (HHO), Other iiulopendent 

ftr/^uinent.s in fuvunr of llie liydrntion of ions nre |)Ut forvvuni hy W. K. Boua- 
field and T. M. Bowry, Trans, l-'aradaif Sor. 3 (1907-H), 123; also hy E. 
Newbery, Tran.i. ('hrnt. Soc. Ill (1917), 47(1. 

^ 1'ho roaVlfr slionhl oonsult’ iho very jiitur(‘s1inK pn|ior.s on (ho subject by 
M. Born, Zriificli. Eh kirochMi. 26 (1929), 101 ; /n itsch. 1 (1920), 221. 
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consideration. If, however, the deposition of zinc is conducted in 
rather acid solution, andlhe current’cfAr.ses at the cathode, not only 
the production ofozinc, but also the evolution of hydrogen gas, then 
the passage of i)6,580 coulombs will clearly ix)t lead to tlM>dei)osition 
of,the full 32-08 grams of zinc. But it is important toiJote that this 
is not due to any failure of Faraday’s Law; for if the hydrogen 
evolved is measured and the zinc deposited Ls weighed, it is foimd 
that, together they amoilnt to one gram-eiiuivalent for every 00,.''»80 
coulombs employed. , 

If our desire is to depo.sit zinc, it is clear that the part of the 
current expended in lh(' production of hydrogen is current wasted. 
It is useful to expi-e.ss the amount of metal actually produced as a 
pm-centage of that which would be ealculat('d from Faraday’s Law 
on the assumption that no current i.s wasted on secondary reactions : 
this percentage is known as the current efficiency. If, for 
instance, after passing a current of one ampere for 20-8 liours, we 
liave oirtained only 30 grams of zinc, instead of the theoretical 32-(iS 
grams, the current eliieieney is 

* ■ loo - Ill-S percent. 

Silver Coulombmeter. If it is jiossible to llnd a ca.se in which 
th(^ whole of the elei^tricity is employed in dejiositing a single metal 
' in other words, if a deposition-cell can be designed having a 
cui-rent efUciency of 100 per cent.—then the, amount of metal 
de])ositcd upon the cathode can be used to measure the total 
(juantity of electricity which has j)assed through the cell. Under 
suitable conditions,’ the tleposilion of silver from a solution of silver 
niti-ate is absolutely quantitative, no electricity being used up in 
subsidiary reactions. A silver nitrate celt can therefore be used as 
a " coulombmeter ” ; the increase in tlu^ weight of the cathode 
upon which silver has been deposited can he used to indicate tlu^ 
number of coulombs whic/i have pas.sed through the (-ell during the 
dfqwsition. 

'I’he deposition of mercury has also been used for the measure¬ 
ment of the quantity of electricity ; it has the advantage that the 
mercury can be measured by volume instead of«by weight. For 
rough purposes, coulombmeters in which copper is the metal 
deposited have also been used. 

Conductivity of Solutions. 'I’he measm'biqent of the con¬ 
ductivity of a solution is a matter of some little importance. 

’ Deaci-ibe(3 by T. \V. Richards and 0. W, Hoiini-od, ZeiUrJi. Phys. Chein.* 
41 (1902), ,102. See also T. W. Richards and F. 0. Andorogg, ./f>Amer. Chon, 
Soc. 37 (1915), 7. , 
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Difficujties arise when^ attempts ^rc* made to use continuous 
current—such as is obtaineef from an ordinary electric battery—for 
measuring the comluctivity of an electrolyte, bc»ause when such a 
(current’lias passed for £»■ very short time through a liquid, a “ back 
E.M.F.” due. *>o polarization is set up, which tends to diminish t,hc 
current passing through the cell. This phenomenon, which will b(^ 
explained more^ully in subsequent chapters, led early experimenters 
to doubt whether electrolytes really obeyed Ohm’s Law. It is now 
known that, if “ polarization ” can be avoideij, Ohm’s Law is obcyixl, 
and that liquid solutions have a perfectly constant and delinite 
resistaiKie. The dilllcultics due to the polarization do not, in fact, 
prevent the conductivity from being determined with a continuous 
(Mirrent,’- but most experimenters have preferred to avoid jiolariza- 
tion by employing an alternating current, in aecordanct! with a 
method worked out by Kohlnw.seh. In an alternating current, 
the direction of the current changes very fre(|uently, jierhajis .')() to 
50,00.0 times ])pr second. If the frequency of alternation is high 
enough, the back H.M.F. does not become appreciable during any 
" half-period,” and any minute polarization uhicli may be set up 
during one half-period should bo removed during the next half¬ 
period by the current passing in the opposite direction. For rougli 
purposes, an ordinary cheap “ buzzer-coil ’’ is often ust'd to jirovide 
the alternating current, although tin; frequency is generally not 
high enough to eliminat(^ polarisation completely, and what is 
still more serious- -the alternating current generated is not quite 
.symmetrical; for imstance, the E.M.F. producetl in one direction 
exceeds that produced in the other, and consequently th(‘ polariza¬ 
tion caused during one half-period is not completely eliminated durmg 
the next. It is probable that even some of the classical work on 
(ainductivity has suffered through the employment of an tinsuitabh- 
source of alternating current. Lately the use by Taylor and Acree 
of a Vreeland oscillator giving a very symmetrical altei’uating 
current, with a frequency which can he varied at will, ha.s Icd^o 
very interesting results, and it is probable that the relincd method.s 
used by those experimenters have either (eliminated, or allowed for, 
the many errors which are liable to ari.se in this class of work*. It 
is impost'/iblc, however, to discuss the refinements of condactivity- 
measurement here ; it is only possible to .sketch the j)rmoiple8 of 
the method as employed for ordinary work. 

The solution tp no tested is usually placed in a coll of a form 

* Methods of determining conductivity using a continuous current are 
,describod by F. W. Kohlrauscli and L. Holbom, “ LeitvormiJgon der 
Elektrolyten ” (Toubner), and by E. Newbory, Trans. Chem. Soc. 113 (1918), 
701. 

2 W. A. Taylor and S. F. Kcree, J. Amer. Chem. Soc. 38 (1910), 2403, 2415. 
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similar to those shown in Fijs. 66, 67 and 68. There,,are two 
electrodes E and F consisting of 'ciJcular plates of platinum 
roughened by m.^ans of a sand-blast. Before ' the experiinont, 
however, they must be covered with a vel rety coatirg of *' black 
pliltinum,” by plating in a bath containing ]iotas,siuin jJatinichloridii 


together with a small quantity of a 
platinum is found to lead to more 
probabljf bccau.se it greatly in¬ 
creases the active area of the 
electrodes. The elcctrode-s are 
supported by platinum wires, 
which pass through the glass 
walls into the tubes G and H. 
When the apparatus is to be 
used, the tubes G and 11 are 
tilled with mercury, and the ends 
of the conducting wires which are 
intended to join the ccdl to the 
re.st of tile apparatus rccpiire 
merely to be thrust down the 



l(>ad salt this coating of black 
iiecurafe and consistent results. 



tube in order to obtain a connection of very low I'csistance ; the 
importance of avoiding appreciable resistance in the connections, 
whers the resistance of a liquid is being measured, will be readily 
understood, and these mercury contacts ” are of *groat scfvice for 
the purpose. 

The different forms of conductivity cell shown are useful for 
different purposes.^ When a liquid of very low* esnduotivity is to 

^ Details of the method of " blackening ” piatbium electrodes will be 
found in A. Findlay's "Practical Physical Cliemistry” (Longmans, (Ireon), ' 
Chapter IX. •* 

• E. W. Washburn, J. Amer. Chem. Soc. 38 (IWU), 2431. 
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be tested' Oio electrodes must be larj^c and close together, as in 
Fig. 66 ; when the conductivity of the liquid is high, the electrodes 
are farther apart, and, in extreme cases, thetcoluruu of liquid 
betwee'd tliQui is consVictod by u.sing the dumb-bell form of cell 
(Fig. 67). dlotli these types of cells are lilled in the same manner 
as a pipette, the side tubes J and K being provided for the purpose. 
When the cell has been hlled, the side tubes are closed by small caps. 
Fig. 68 shows a simple form of cell very convenient for rough W'ork ; 
it has, however, the obvious disadvantage tijat the platinum plates, 
unless very thick and rigid, arc liable to bend appreciably when 
lifted out of the cell and replaced, and a 

0 H Tubes fixedm minute change in the distance between the 
^nite covet electrodes may be produced, which will 
cause an error in the results. 

A telephone receiver is used as a delicate 
instrument to detect an alternating current; 
(piitc a feeble alternating cuirent passing 
through the coils of the receiver produces a 
vibration of the iion diaphragm, by alter¬ 
nately sucking it in and releasing it, and 
the vibration gives ri.se to a very audible 
buzz.” 

The ai)j)aratus known as a Wheatstone 
Bridge, consisting in the simplest form of a 
stretched wire of high resistance and uni¬ 
form thickness, capable of being tapped at 
-Coiidui.- any point by means of a sliding contact, is 

Vork connected up with the re.st of the appara- 

tu.s in the method shown in Fig. 69. The 
conductivity cell is placed at R„ and a standard coil of known 
resistaiice is |)laced at R,; they arc joined to one another and to 
the two ends of the stretched wire by stout conductors, the resist¬ 
ance of which can be neglected. 

The coil or oscillator is then .started, the receiver is raised to^he 
ear, and the .sliding-contact is adjusted until a position, X, is found 
at which there is no buzzing in the receiver. At that position, then, 
there ia no current passing through the receiver, and thq, points X 
and Y must be at the same potential. 

The current pa.ssing between the terminals F and Q of the coil 
or oscillator follows, between the points A and B, two different 
paths ; part of it passes along the stretched wire ; the rest passes 
through the resistances Rj and R,. The drop of potential over any 
portion o.f either path is proportional to the resistance of that 
portion; therefore i, 
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Resistance Rj _ difffvrence of potcjntial tetwcen- A JEfid Y 
Resistance R,j difference of potential bet'vynen Y and B 
Similarly, along the stretched wire, « , * 

Rf^istance of Portion AX_diffcrenoe of potential between A and X 
Resistance of Portion BX difference of potential betwee# X and^B 
But X jnd Y arc-at tho.sarao potential, and conse4uently, * 
difference of potential ^between A and Y = difference of potential 
between A and X, and 

difference of potential between B and Y diffm'ence of potential 
between B and X. 




3 ^ 
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It follows that ( 

Resistance R., Resistance of portion AX 
Resistance Rj Resistance of portion BX 

The stretched wire is uniform in cross-section, and the rcMstance 
of any part of it is proportional to the length; therefore 

Resistance Rj _ length AX • ^ 

Resistance R, length BX 

The lengths can easily be measured, and, the resistance Rj being 
known, that of R, is easily calculated. Its reciprocal S the con¬ 
ductivity of the cell. * 

M.C. - VOL. I. 
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be tested' Oio electrodes must be larj^c and close together, as in 
Fig. 66 ; when the conductivity of the liquid is high, the electrodes 
are farther apart, and, in extreme cases, thetcoluruu of liquid 
betwee'd tliQui is consVictod by u.sing the dumb-bell form of cell 
(Fig. 67). dlotli these types of cells are lilled in the same manner 
as a pipette, the side tubes J and K being provided for the purpose. 
When the cell has been hlled, the side tubes are closed by small caps. 
Fig. 68 shows a simple form of cell very convenient for rough W'ork ; 
it has, however, the obvious disadvantage tijat the platinum plates, 
unless very thick and rigid, arc liable to bend appreciably when 
lifted out of the cell and replaced, and a 

0 H Tubes fixedm minute change in the distance between the 
^nite covet electrodes may be produced, which will 
cause an error in the results. 

A telephone receiver is used as a delicate 
instrument to detect an alternating current; 
(piitc a feeble alternating cuirent passing 
through the coils of the receiver produces a 
vibration of the iion diaphragm, by alter¬ 
nately sucking it in and releasing it, and 
the vibration gives ri.se to a very audible 
buzz.” 

The ai)j)aratus known as a Wheatstone 
Bridge, consisting in the simplest form of a 
stretched wire of high resistance and uni¬ 
form thickness, capable of being tapped at 
-Coiidui.- any point by means of a sliding contact, is 

Vork connected up with the re.st of the appara- 

tu.s in the method shown in Fig. 69. The 
conductivity cell is placed at R„ and a standard coil of known 
resistaiice is |)laced at R,; they arc joined to one another and to 
the two ends of the stretched wire by stout conductors, the resist¬ 
ance of which can be neglected. 

The coil or oscillator is then .started, the receiver is raised to^he 
ear, and the .sliding-contact is adjusted until a position, X, is found 
at which there is no buzzing in the receiver. At that position, then, 
there ia no current passing through the receiver, and thq, points X 
and Y must be at the same potential. 

The current pa.ssing between the terminals F and Q of the coil 
or oscillator follows, between the points A and B, two different 
paths ; part of it passes along the stretched wire ; the rest passes 
through the resistances Rj and R,. The drop of potential over any 
portion o.f either path is proportional to the resistance of that 
portion; therefore i, 
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tho purest water can bo attributed to tlip fact that.oveJ» water is 
split up -to a very sinalf extent—into* H and OH' ions. 

A very intcrcst?ng case is that of the five ainm'opia-comp^unds of 
I)latinic chloride (PtCl,); it has been pointed out in thc'irttroduction 
that the chlorine atoms which form part of a stable “^roup of six,” 
(uirinot break away to form chlorhic ions. 'L’hi.s is tjliowii very 
clearly by the following values for the eonduetivilv ' 

Compound. Molecular Conductivity* 

incivONJi;, or J’t[{Nirp)e]Cl 4 .r»22 <l 

I’tC'lj-.lNHj or Ptj^ Q J^'^i .... Utikiiowii 

l'(Cl,'4NH:i <,r- .... 228 

or .... 

l*K’l..2iNM:, or J ■ - \'erv .small 

In ordinary salts, if the di.ssoeiation into ions i.s eoniplete and the 
mobility of the ions remains constant, the conductivity should be 
jii'oijortional J:o the concentration. Normal potassium chloride, for 
instance, should have exactly ten times the conductivity of 
decinormal potassium chloride. 'J’o express thi^ same fact in a 
dilferent way, the equivalent conductivity, which may be defined 
as the 

Specific Conductivity of a Solution 
Number of Gram-eipiivalents present in I c.c. 

should remain the same at all concentrations. Actual measure¬ 
ments show, however, that, although the equivalent conductivity 
tends to become constant at great dilution, in more concentrated 
■solutions it falls below the maximum value. This is shown - in tho 
ease of jjotassiurn chloride and silver nitrate by the table below,- 
which refers to a temperaVire of 1H°C!. 


*' Concentration. Eqoivalent Conductivity. 


Crani'Cqulvaients per litre. 

Potassium Chloride. 

Silver Nitrate. 

1-0. 

its-2 

(i7-fi 

01. 

112 0 

04-:i 

boi. 

122-4 

y)7-8 

OOOT. 

1274! 

1131 

0 0001 . 

1290 

1150 

Infinite dilution. Limiting value about 

1300 

116-8 


The numbers given in the last line show the limiting value to which 


■ A. Werner and A. Miolati, XcUscli. Pliys. Cheni. 14 (1894), .510. 

^ A. A. Noyes and K. G. Falk, ./. Amcr. Chon, tsoc, 34 (191^. 454. See 
atso F. W. Kohlrausch and L. Holborn, “ JatitvennOgen dor Fllektrolyton " 
(Teulnier), jj. 159. * 
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the conductivity appfeanp tp approachl ijlosor and closer as the 
dilution increases. 

The :^lling off ai equivalent conductivity at high concentrations 
is generalljr Attributed to the fact that, since the ionization is not 
complete at high concentrations, there arc actually less ions “to 
carry the cjirrent. On the assumption that this is the only cause, 
it is possible to calculate the ionization of the salt.lat any concentra¬ 
tion. For instance, the equivalent conductivity of silver nitrate at 
“ infinite dilution ” is about 115-8 ; that ol“.silver nitrate solution 
of “normal” strength {i.e. containing one gram-equivalent per 
litre) is 67-6. 'riierefore, a.ssuming that the mobility of the ions 
which do exist at normal strength i.s the same as at infinite dilution, 


the number of the ions must be only ^ >, 100, or 58-4 per cent, 
ot the number at inlinite dilution. In other words, the percent¬ 


age ionization of silver nitrate in normal solution is 58-4 per 


cent.' 


The numbers obtained by this method should, howcwei-, be 
regarded as only approximate; there is no jnstilicaticn for as.sum- 
ing that the mobility of the individual ion remains unchanged ; the 
increased viscosity of the concentrated solution, and the increased 
tendency for undissociated molecules to attach themselves to the 
ions will certainly cause an error. The effect of the varying 
viscosity is often allowed for in calculating the percentage ionization, 
but the effect of the other factor i.s les.s easy to estimate. Moreover, 
as will be explained in the next chapter, certain physicists considei- 
that .salts are—in a sense—“ completely ionized ” at all concentra¬ 
tions ; and if this view i.s accepted, the immbers evidently cannot 
be held to represent the “ percentage of ionized molecules,” what¬ 
ever other signilicanoe they may have. The majority of chemist,s, 
however, whilst agreeing that the “ ionization values ”■—as calcu¬ 
lated by the conductivity method-—m'ay be interpreted in more 
than one way, nevertheless consider that the numbers given by8;he 
method in most cases furnish a very fair idea of the degree to which 
the molecules are broken up into ions. It is consequently of interest 
to finis);^ the chapter by giving a table showing the percentage 
ionization of some common acids, alkalis and salts, as dalculated 
by the conductivity method.* 


* The numbers for the weaker acids are those of J. Walker and W. Cormack, 
Trana. Chem. Soc. 77 (1900), 6. The others are quoted from H. A. Lehfoldt’s 
“Electrochemistry" (Longmans, Green), or calculated from numbers con¬ 
tained therern. A. A. Noyes and K. G. Falk, J. Amer. Chem. Soc. 34 (1912), 
474, give a table showing tlye percentage ionization for numerous sails corrected 
for viscosity changes. 



• • • 

PASSAGE OP ELECTRICITY THROUGtH A SOLUTION- 246 

• • 

PebcejhTaoe Ionization of^lume Common^C<:impounds*in N/I^*Solution 
AT 18“ Centiobade 


- - - . • . . 

._ !• 


Compound. 

Fymula. 

, . PercAtai^e 
Ionization. 

« ' 

• 

Acids. 



Hydrouhloi'ic ticM. 

HCI 

, * 931 ’ 

Niti-ic acifl 

HNO., 


Sulplmric acid. 

H,sd,, 

•Approx. 60 

Acetic acid . . • . 

CH,.COOH 

1-30 

Carbonic acid . 

H.CO., 

0174 

Hydrogen sulphide . 

HjS 

0-075 

tiydrooyanie acid ...... 

HCN 

O-OU 

Po(as.siuin liydroxide . 

KOIl 

91-0 

kSodiinn liydroxide . 

NuOH 

88-0 

Barium hydroxide . •. 

BipOIl). 

79 

f’ofassiuin chloridi- . 

KCl 

H.") 

Sodium chloride . 

NsCI 

84 * 

Sofliimi snl](liafo . 

.Nil.,.SO, 

99 

Barium chlorith' . 

Hiifi., 

T.") • 

Zinc chlorifle . 

Znri, 

72 

Miigno.sium .siilpliali- . 

.Mysd, 

42 

Ziiie sulj)hn!e . 

ZnSO, 

39 

Copper sulplialo . 

CuSO, 

38 


Summary. ’I’tio ajipareiit passage of electricity tliroiigli a salt 
•solution is caused, not by a stream of electrons moving from cathodn 
to anode, but by the movement of charged “ ions ” towards both 
I'lectrodes. The “ discharge ” of the ions on the electrode involvas 
decomposition of the dissolved .salt; often secondary reactioas 
occur at the, electrodes. 

When the ions are coloured, their migration towards the electrodes 
can be observed experimentally. The movement of non-coloured 
ioiekfan he followed by meads of jelly containing a suitable indi¬ 
cator. The velocity is proportional to the potential gradient, and 
the rate of movement under unit jiotenfial gradient is called the 
■' mobility ” ; iiydrogcn is the most mobile of all,ions, 

Acoordfng to Paraday's Law , one gram-equivalent weight of any 
metal should be deposited at the cathode (or dissolved at the anode) 
by 96,580 coulombs of electricity, as-suming that Ihe whole of the 
current is employed in depositing (or dissolving) tile metal. 

The conductivity of a solution is best measured by means of an 
alternating current and a Wheatstone Bridge, the solution being 
contained in a cell provided with blackened platinum electrodes. 
Specially pure water is desirably for accurate measurements of the 










246 ' METAL^ AN.O METALLIC COMPOUNDS 

conductivity of dilute solutions. Even aljsolutely pure water has 
a certain small conductivity, but ordinary laboratory water has a 
much hig^e^ cohductivity, owing to the presence of dissolved 
substances. i Solutions containing strong acids have high conduc¬ 
tivity, owing to the great mobility of the hydrogen ion. 

Assuming a salt to be wholly”ionized and the mobility of the ions 
to^be 'constant' the *' equivalent conductivity should Ijo inde¬ 
pendent of the concentration. In practice, it falls oil as the con¬ 
centration rises, and from the values of the e'quivalent conductivity 
at any given concentration, a rough idea of the “ percentage 
ionization ” is arrived at. 



• OHAITER VI 

THE lONIZATKlN THEORY APPLIED TO THE 
CHEMICAL BEHAVIOUR OF SOLUTIONS 

1 11 tho last chapter, (ho Ionization Theory was used to interpret, 
lirstly, the inoveniont jiroduccd in a .solution by an electromotive 
force, and .secondly, the simple connection between tlie amount of 
decomposition and the (piantity of electricity which is expressed 
by Faraday's Law. For the explanation of those eleetrolytie 
phenomena, it is not absolutely essential to imagine that tin* ions 
have a free, ('xistenee liefore the current commences to pass, 
although it «s simplest to a.ssumc that this is the ca.se. In Hie 
(U’esent chapter, however, the Ionization 'I’heory will be applied to 
interpret chemical nsietions w'hich have, at first sight, no connection 
with elect ricity. The a])|>lication of the notion of ionization to ]nire. 
chemistry is mainly due to Arrhenius, who based his arguments on 
the belief that the ions, such as Na' and Cl', enjoy the same inde- 
))endenee of motion in ordinary solutions as undissoeiated molecules. 
The .success of the theory in explaining many of the facts of chemi.s- 
try which otherwise would appear anomalous leads to the conclusion 
that the belief is justified ; there a])pears to be little doubt that 
ions have a real existence in .solutions to which no E.M.F. has ever 
been ajiplied. 

It may, however, be .stated at once (hat (he notion of free ions has 
aroused much opposition.* ft has been iioiidi'd out that, whilst 
.sodium and chlorine atoms dre most highly reactive, their ions - if 
they are suppo.sed to have a free existenee in sodium chloride 
solutions -must be looked upon as stable and inert. The contrast 
between the properties of the uncharged atom and,the charged ion 
is certainly most striking ; the opponents of the Ionization Theory 
have been unwilling to regard the pre.sence of an ek'ctric charge as 
sufficient cause for this remarkable change of ^iroperties. 

The recent tievelopment of the electronic thcoiy of the atom- -if 
it has not entirely removed the objection- has at least given a 
simjilc interpretation of the change of properties caused by an 
electric charge. It is considered that tlie number of electrons 
, 247 ’ 
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surrounding the nufcleus of the atom is ej^ual to the atomic number. 
According to Langmuir, 'these electrons “are arranged around the 
positive nucleus, in spherical layers or “ shells ’V; th6 outer layer 
is the one mainly concerned in determining the chemical reactivity 
of the atom. , Now in the atoms of the inert gases, helion, neon, 
argon, krypton and xenon, which have no chemical reactivity, tlho 
outer layer* mu.st bo complete, stable and self-sufficing. Consider 
then the elements, fluorine, chlorine, bromine and iodine^ which 
come before the inert gases in the order of atomic numbers, and 
which therefore have one less electron in the outer shell. Here the 
atom is not stable but highly reactive ; if, however, it absorbs one 
extra electron, the outer shell will become complete, and the 
resultant ion will posse.ss a stability comparable to that of the 
inert gases. In other word.s, the ions (F', Cl', Br' and I') will 
belong to the “inert gas type,” 

Similarly, according to the ideas of Langmuir, tlu; atoms of 
sodium, potassium, rubidium and caesium, which follow the inert 
gase^, will have one electron outside the outermost complete shell; 
these atoms will t herefore be reactive. But if the one “ valency 
etectron ” is lost, the charged ion produced will now haifc a complete 
outer shell, and thus the positive ions (Na, K', Rb' and Cs ) pro¬ 
duced will be stable, belonging also to the “ inert gas type.” 


Freezing-Point Determinations as Confirmation of the 
View of Independent Ions. The hypothesis of the existence of 
ions in solutions to which no electromotive force has ever been 
applied receives striking confirmation from the results of the 
determination of the freezing-points of dilute salt solutions. The 
depression of the freezing-point of a solvent through the presence 
of dissolved substances gives a means of arriving at the number of 
dissolved molecules present; in the cases of substances like sugar 
which do not conduct electricity the method has proved quite 
reliable for the determination of molecylar weights. However, if 
the freezing-point of an aqueous solption of sodium chlorido.of 
known concentration is determined, it is found that the depression 
is nearly twice as great as that calculated on the assumption that 
the dissolved molecules are NaCl. If there are nearly twice as 
many milecules'present, the fact can only be accounted for on the 
assumption that the majority of the molecules NaCl have broken 
up into halves, and it is natural to suppose that these halves are the 
ions Na and CT. ' 

Other salts, such as silver nitrate (AgNOs) and potassium 


* I. Langrouir, J. Amer. Ohem. Soc. 41 (1919), 868, 1543. See also the 
introduotionto this volume, pages 26, 26. 
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chloride (KCl), which woujd he expected tij dissociate ^jito two 
ions, also cause a depression o{ the fre«ziflg-point, which is nearly 
double the calculated quantity; the more dilute.-thc solution, the 
more closely docs the depression coincide wi|h twido thp jalsulated 
depression; this is evidently because the ionizatjwi becomes 
practically complete at high dilution. On the other hand, salts 
like sodium sulphate (Na^SOi) or calcium chloride (CaClj), which 
should form three Ions, produce even greater depressions, which jit 
high dilutions begin to^approach three times the theoretical value. 

The freezing-point method evidently gives a useful alternative 
method of calculating the percentage ionization of a solution, 
although it is not applicable to concentrated solutions. The rc.sult.s 
obtained confirm, on the whole, those arrived at from measurements 
of the conductivity. The agreement between the values for the 
ionization determined by the two,methods is not indeed exact; 
considering the disturbing factors involved, that is .scarcely to b(^ 
expected. But no fair-minded person can consider tlie approximate 
agreement to be fortuitous, and the eomj)arison of the “ conSuc- 
tivity ” and fnx'zing-point ” values must be regarded as a sound 
argument in favour of the ionic dissociation tlieory.' 

Application of the Law of Mass Action to Equilibrium 
between Ions and Molecules. Several important developments 
of the Ionization 'liieory were made possible by the application of 
the Law of Mass Action to the equilibrium between ions and 
undissociated molecules. Consider tlu^ equilibrium between the 
ions (M' and X') and molet-ules of an imaginary salt MX, 

M'd- X' M.\'. 

When e(|uililirinm is reached, the change 

M'+X' -MX .(1) 

is elearly pi'oeeeding at ihe same rate as tlii! opposing change 
.. MX*-M--fX' .(2) 

Now the vehjeity of change (1) is proportional to the eoneeidratioiis 
(C'n, and i'y^) of the ioas M' and X' ; it- can he written 

, wheri^ I, is a constant.^ » 

The velocity of the opposing change is proportional to the concen¬ 
tration of the undissociated molecules (C^,x) be written 

where Ls a con.stant. 

‘ The comparison between the numbers obtained by the two methods is 
discussed in W. C. D. Whetham’s “Theory of Solution" (Ca-*bridg8 Uni¬ 
versity Press), Chapter XII. , 
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are charged even in t^he gaseous state ,, the electrical forces acting 
between the positively cfiat’ged sodium alid the negatively charged 
chlorine servo to bind the atoms together. TheiC is evidence ^ that 
in the 'olid, state atso^the sodium and chlorine atoms retain their 
charge ; no<iJoubt it is the attraction between the charged sodi,um 
and chlorine atoms which keeps the atoms in their positions in the 
crystal-strftcturc, and which affords to the crystal strength and 
rigidity. In the crystal-structure- a.s dOtermined by thb X-ray 
method—each sodium atom is surrounded,by .six chlorine atoms, 
and in view of the closeness of the oppositely charged atoms to one 
another, and the stability of the whole arrangement, it is fairly 
clear why the atoms, in spite of their charge, cannot move from 
their mean positions under the inllucnco of an exU'rnal E.M.F. ; in 
other words, it is clear why crystalline sodium chloride pos.se,sses 
practically no electrical conducfcw'ity. When, however, the sodium 
chloride is dissolved in water, the state of affairs is different. If thi^ 
solution is very dilute, the distance between the oppositely charged 
atonfe becomes such that the attractive forces between thorn can 
b(^ neglected in comparison with the force exerted by an external 
E'.M.F. All the charged atoms are perfectly free to move towards 
('ither cathode or anode, according to their charge, without mutual 
hindrance, and we get a state of affairs corresponding to what we 
have hitherto .styled “ lOff j)er cent, ionization.” On the othei- 
hand, when the sohition is concentrated, although the ions con¬ 
tinue to move towards the electrodes under the influence of an 
E.M.F., yet their movement is, to .some extent, modified owing 
to the attraction between oppositely charged ions. Indeial, in 
a very concentrated solution, we may ' picture two charged 
atoms occasionally coming .so clo.so together that their mutual 
attraction is very great compared to the effect of tlu^ a])])lied 
E.M.F. ', such a jiair constitute, for tlni moment a virtually “ nn- 
dis.sociated molecule,” although the component atoms ndain their 
(diarges. ^ 

We can picture, therefore, all possible gradations between 
absolutely free and indep(mdimt ” ions,” existing in very dilute 
solution, and what are virtually “ undissociated molecules ” which 
will be met with only in very concentrated .solutions. Clearly the 
equivalent conductivity of the solution will fall off gradually as the 
concentration rises, and the equivalent depre.ssion of the freezing- 
point—which depends on the number of units of solute having 
independent thermal movement—will likewise fall off with it. The 
whole of the atoms arc charged at all dilutions, but the freedom of 

’ P. Debyt and P. Scherrer, Phy.i. Zeitsek 90 (1918), 474. Compare 
M. Bom, Sitiuny/iber. Pm'is. Akad. (1918), 604. 
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movement—or mobility—diminishes a| yie'concTentratidA rises.* 
According to this jicw, the numbers given in 4ho table at the end 
of the last chapter—numbers which purport to represept the 
“percentage ionization” of various solutions—do notAdtilly show 
the*“ percentage of the molecules which are dissociated’mto entirely 
free ions ” ; but rather they servo at? a measure of the igobility of 
the avorpgc ion, represented as a percentage of the mobility of tW 
same ion as it exists in a very dilute solution. 

As to whether the word “ ion ” .should be used for those charged 
atoms which are .scarcely free to move is a mere question of 
definition.^ Some writers .speak of the cliarged atoms of crystalline 
sodium chloride as “ ions,” although, strictly speaking, it is a 
misnomer to apjily thi' word “ ion ” to ca.ses whert^ the charged 
•atom is unable^ to move, since “ ion ” is derived from a (Jreck word 
meaning “ to go.” 

If we accept tlie view tliat the atoms are cliarged at all concen¬ 
trations, and that the “dissociation” is only restricted by>the 
electric forces acting between the ions, it is quite easy to see why 
Ostivald’s Dilution Law, which postulates an equilibrium between 
entirely free ions and absolutely undissociated molecules, must fail. 
Most of the recent attempts to replace it bj' some other law “ which 
will explain the ex])erimentally determined variations of the 
conductivny, and likewise of the lowering of the freezing-point, 
have not been entirely satisfactory. Some of the view’s advanced, 
although taking account of electrical interionic forces, ncverthcle.ss 
draw a sharp distinction between “ free ions ” .and “ bound ions ” 
(i.e. those which possess too little kinetic energy to escape from the 
sphere of influence of one another); this sharp distinction appears 
to the present writer to be wi’ong. The complete (|uantitative 
solution of the problem is still awaited. 

If the notion of “ pai'tially fi'ce ions ” is a true one, then it is 
(piite clear that the l^aw of Mass Action cannot be applied, with 
accwracy, to the equilibrium hetw'cen molecules and free ions. But 
a.s a qualitative, or even a rough quantitative, guide to chemical 
phenomena, the law is useful; and it is legitimate to continue to 
distinguish between the state.? of an “ undissociated^olecule" and 

^ See the excelloiit paper by i>. A, Mucinues,./. Amtr. Vhem. Hoc. 43 (1921), 
1217. . 

“ W. D. Harkins, I’roc. Nat. Acad, Sci. 6 (1920), 001, jtutathe position well. 

’ S. R. MUner, Fhil. Mag. 23 (1912), 551 ; 25 (1913), 742 ; Trans. Faraday 
Soc. 15 (1919), i. 148 ; W. Hughes, Phil. Mag. 42 (1921), 134 ; J. C. Ghosh, 
Trans. Vlicni. Soc. 113 (1918), 449; H. Kallmann, Zeitsch. Phys. Chem. 98 
(1921), 433. Compare tho older views of W. Sutherland, Phil. Mffy. 3 (1902), 
101 ; 14 (1907), 1. A good criticism of Ghosli’p theory is offered by .1. 
Kendall, ./. .tmer. Chetn. Soc, 44 (1922), 717. 
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ot a frrf; ion,” althotigl\it should always be remembered that there 
may exist states intermediate in eharaeter l)elweon the two. 

i. 

Application ©f the Ionization Theory to Precipitation. The 

precipitatio/j of a spafingly soluble salt by the interaction of two 
soluble ones nas been a familiar phenomenon since the days of''the 
earliest chemists, but has only'received a satisfactory interpretation 
with t^u' advent of the Ionization Theory., There seems little doubt 
that the reactions between salt solutions ai'e I'cally reactions 
between ions ; the. preeijutation of silver chloride caused by mixing 
solutions of sodium chloride and silver nitrate is often written. 

AgNOj + NaCl - AgC’l + NaNtb,. 

lint it is ])rol)ably more eorn'ct (o write it 

Ag'-p AgCI. 

This view of precipitation is supported by the fact that the same 
])rec'ipitafe is produced if any other ionizing silver salt be used 
instead of silver nitrate, or any other ionizing diloride be usefl 
instead of sodium chloride. On the other hand, chlorif.e compounds 
in which the chlorine does not exist as the ion (d', do not readily 
yield a jirecipitate of silver chloride with silver nitrate. 'The 
eomjKunid 

r (NH:,)^-] 

J(NOd„ 

for instance, in which the ehlorim^ foi nis part of a stabli^ '' group of 
six, ’ giv('s no ])i‘eeipitate with siher nitrjib' at ordinarv t(‘mpeju- 
tures ; the analogous salt 


t.'o 


(NHd, 


Cl 


CL 


has two-thirds of the chlorine juccipitated by silver nitrate at 
ordinary temperatures ; the rrmiaining ono-third is only precipitated 
on boiling. 

In tlv' raajo/i'iy of ca.scs it is true to say that whercj/er there 
come together in solution two ions, the union of which would 
produce a salt of very low solubility, a precipitate of that salt will 
be formed. Nevertheless, there are many exceptions to the rule 
just given ; for instance, an alkaline solution of calcium chloride 
yields with sodium phosphate a precipitate of calcium phosphate, 
whilst an acid solution yields no precipitate. Mo.st heavy metals 
have sparingly solubloesulphides, but only a Umited number are 
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prooipitaterl liy hydrogen iidphide gas iiy tho presence oS^a trace 
of acid. ^ 

These, facts have'long been known to analysts, who use them every 
day to detect, separate and estimate the d'.ijerent metaJs, Never¬ 
theless, tho average analytical cliemist wn n carvying out a 
precipitation—doe.s not trouble himself with the theory of the 
proce.ss ; he is content to follow closely the detailed instruetio/is 
found in'the practical books, which are founded upon the exp(!fiene,(! 
of others ; and, if he hap|)cns to meet with a case where those 
methods fail, ho is often at a loss to account for the faihnw and 
seeks to avoid it by use of some “ alternative method.” The 
empirical character of the analytical methods is no doubt responsible 
for the fact that analysis is regarded as an unatlraetiN'e liranch of 
chemistry ; as a matter of fact, the the(Wy of analytical j)rocesses 
is full of interest.^ > 

The ajjplication of the Ionization Theory has done much to throw 
light upon the apparent anomalies of precipitation processes. 
According to the stateincnt af tho case generally presented, wlien 
a solid salt stands in equilibrium with its .saturated solution, the 
solid is regarcied as being in equilibrium with the undissociafed 
molecules, which in their turn are in ecjuilibrium with the ions, 
l^olid MX ^ Dis.solved MX ^ M’ H- X'. 

It is no doubt more accurate to picture (he equilibrimn as a 
triangular one,- 

Dissolved MX 


Solid MX M' -f X'. 

Those who assume that, ionization is complete at all eoneeiltra- 
t-ions jurist I'cgard the ions as in diiect. equilibrium with the 
solid salt 

- Solid ypi ^ M' + X'. 

For the sake of uniformity, the first of the three modes of thinking 
is here adopted. We shall assume that the equilibrium between 
ions and yndissociated molecules in very dilute sohiiion is gjven by 
the Law of Mass Action, although the failure of Ostwald’s Law is 
a warning not to place much reliance on the quantitative accuracy 
of the results obtained in concentrated solutitos. Experiments 

' The theory of analysis is explained in a most interesting manner in 
H. J. H. Fenton’s " Notes on Qualitative Analysis ” (Cambridge University 
Press), and also in Chapter XVI of the same author’s ‘' Outlines of Cliemistry ” 
(Cambridge University Press). * 

* J. Walker, Brit. Assoc. liep. 81 (1911), 349.* 
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dealingtlirectly 'withthe^solubility «f ^ also show that the Law 
of Mass Action is not exactly obeyed, but for oi^r prpsent purposes 
it can be used a rough guide. 

When t Solution ccrataining a soluble silver salt is mixed with 
another confaining a soluble cliloride, the ions Ag’ and Cl', fonai a 
certain aipount of undi.ssociated AgCl niolecule.s, 

* Ag'+Cl'AgOl. ' 

Although the amount formed is very small, it u.sually exceeds the 
solubility limit of silver chloride—for tlie .solubility limit of this 
|)articular salt is remarkably low—and the formation of the well- 
known precipitate commences, the undissociated molecules collecting 
at different points to form solid silver chloride. The equilibrium 
between ions and molecules is thus disturbed, and more ions com¬ 
bine together to form undissociatod molecules. I’recipitation thus 
proceeds until the concentration of ions is so small that they are in 
equjlibrium with the minute concentration of undissociated AgCI 
molecules that can remain in the saturated solution - 
. Solid AgCl ^ Dissolved AgCl Ag' + Q,'. 

If, in this final state, when no more precipitat ion occurs, tlic concen¬ 
trations of AgCl, Ag' and Cl' be Cj^gQ|_ and C,.,|, respectively, 
w'C can write 

C^. X == K < C^,.. 

But at ail}' given temperature, C ^g,,| is constant , for it represents the 
solubility limit of .silver chloride. 

'I'lierefore, a constant. 

It follows that, by increasing the concentration of silver ions, we 
can decrease the quantity of clilorine ions remaining in the solution 
after precipitation. In other words, by adding a slight excess of 
silver salt to the chloride solution, the chlorine is precipitated even 
more completely than if only the theoretical quantity of silvej^salt 
is used. This is indeed a general rule in analysis ; if comjilete 
precipitation is to be arrived at, a slight excess of precipitant 
should be employed ; in fact, by using a slight excess of precipitant, 
it is soKietimc^possiblo to obtain almost complete precipitation, 
even where the solubility of the precipitate in pure water is by no 
means negligible. It should be noted, however, that in many 
cases—including tSat of silver chloride—the addition of a large 
excess of the precipitant may tend to redissolve the precipitate to 
some extent. 

' A. A. Noyes, W. C. Bray, C. R. Boggs, F. S. Farrell, M. A. Stewart and 
W. J. Winninghoff, J. Amtr. Clitrn. *S'or^ 33 (1911), 1043, lO.'iO, 1003, 1073. 
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Another phenomenon w}ijch,is frequently quotad as ai*iexample 
of the same principle is 'tlie prccipitrilion of sodium chloride by 
hydrogen chliride! A nearly saturated solution nf sodium chloride 
is prepared; in this solution the sodium ;yid chlorin» »)iA arc in 
equilibrium with a certain amouift of NaCl moleu«'/cs, hut the 
solubility limit is not exceeded. 'J’lvs conceidratioii of the 

undissociated molecules is given ii])proximately l)y,the equatioh 

• ‘ C J : K 0^,, X C'ee. ’ • 

If now hydrogen chloride gas is pa.s.scd into the liquid, the eoiiccn- 
Iration (C^,|,) of chlorine ions is much inen'aseil; as a result the 
concentration of undissociated molecules is also increased, 

and the solubility limit is passed. A considerable quantity of 
sodium chloride is thereupon thrown down as a crystalline pre¬ 
cipitate. 

In general, we should expect a salt to b(‘ less soluble in a solution 
(sintaiuing an ion in common with itself than in pui’c water. This 
is indeed usually found to be, true. 'I'hc solubility of silver acetate 
in water, for instance, is lessened by the [iresence either of silver 
nitrate or o&sodium acetate.' 

•Another important effect of the reduction of ionization due to a 
“common ion” is the alteration in the precipitating powers pf 
certain reagents. The aqueous solution of ammonia (Nil,) contains 
th(! hyalioxide (NH,(.)U) which behas'es as a weak alkali, being 
dissociated (bus 

NILOH e-: NH; + OH'. 

If the salt ammonium chloride (NH,,('I) is added to the solution, it 
largely increases the concentration of NH,’ ions, and consequently 
aids the reaction in the ■‘right to left” direction, whilst not 
corrcspoiwlingly aiding the " left to right ” change. As a result, 
ammonia containing ammonium chloride yields a smaller concentra¬ 
tion of (OH)' ions than amjnonia without ammonium chloride, an<l 
behiives consequently as a weaker alkali. If, fi)r instance, ammouhi 
is added to a magnesium eliloride solution, the concentration of 
(OH)' ions is sullicient to ])rocipitato magnesium hydroxide, 
MgfOH),; but if ammonium chloride is present, no (irecipitate is 
producect ^ * 

Hather sinular to the influence of ammonium chloride on ammonia 
is the cfTect of the presence of sodium aeetato in reducing the 
ionization of acetic acid. When to a solution o^acetic acid a little 
sodium acetate is added, the equilibrium 

t^Hj.COOH ^ CH,.C00' + H' 

' W. Nerust, Zeiisch. Vhys. Clicm. tt (1889), 379. 
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is shifty in the “ i;ight to left ” .sense owing to the excess of 
(CH 3 .COO)' ions ; thus acetic acid behaves as a weaker acid in the 
presence of an acetate than in the absence of ai. acetate. 

Another example which is of interest in analysis is the effect of 
acidity upo»\, the ionization of hydrogen sulphide. A solution of 
hydrogen sulphide (H^S) is a weak acid and contains the anions 
H5' and o"; 

HjS ^ HS' + H’‘ 

HjS^S" +2H' 

its precipitating power depends upon the presence of these anions. 
Now the presence of a strong acid, like hydrochloric, by greatly 
increasing the coiKa-ntration of hydrogen ions present, shifts the 
equilibrium in the “right to left” direction, and so reducc.s the 
amount of (HS)' and S" ions present. Consequently only very 
sparingly soluble sulphides- -such as those of mercury, lead, bismuth 
and copper—are precipitated by bubbling hydrogen sulphide 
through a salt solution containing hydrochloric acid. However, if 
the solution is acidified with a weaker acid, such as acetic acid in 
the presence of sodium acetate, other sulphides-- rather more 
soluble than those just mentioned- are precipitated by hydrogen 
sulphide ; zinc sulphide, for instance, is precipitated from a solution 
containing acetic acid, but dissolves again if warmed with a larg(^ 
excess of hydrochloric acid. 

Other sulphides—such as manganese sulphide—are too soluble 
to be precipitated from an acetic acid solution, but are thrown down 
from a solution made alkaline with ammonia, for in such solutions 
the (HS)' and S" are still more plentiful. The precipitate of 
manganese sulphide is soluble in acids. 

For similar reasons calcium oxalate can be thrown down on the 
addition of ammonium oxalate to an alkaline or neutral solution 
of (ialcium chloride, but not when the solution is acidified with 
hydrochloric acid; on the contrary; the precipitate of calcium 
oxalate readily dissolves in acids, (txalic acid (HXkO,) is a i.ither 
weak acid and contains but few ions of the type {tk 04 )" ; on the 
other hand, ammonium oxalate i.s strongly ionized, and when Ca" is 
present along ryjth these ions, the solubility limit of calcium oxalate 
is usually passed, and the salt comes down as a precipitate. 

In the systems of inorganic analysis commonly employed, advan¬ 
tage is taken of tjie difference in the solubilities of the hydroxides, 
sulphides and other salts to obtain an almost complete separation 
of the metals from one another. 

Complex Ions. It has already been stated that the addition of 
a slight excess of the, precipitant usually renders the precipitation 
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more complete. There are.'howevdi’, many noteworthy exceptions. 
If potassium cyanide is addefl td silver |>it>ate' a white prempitate 
of silver cyanide, AgCN, is obtained, but if • further potassium 
cyanide is added, the precipitate redissolves. The phenomejion is 
attributed to the formation of the pomplc# salt KCI“.AgCN or 
K[A^(CN) 2 ], which ionizes into K' and [Ag(CN) 2 ]'. I'he .solution 
of this complex salt contains so few Ag‘ ions that it give* no pre¬ 
cipitate with sodium chlonide. That the Ag- ions ait not tnjirely 
absent is shown by the fact that the liquid gives still a precipitate 
of silver sulphide when hydrogen sulphide is bubbled through the 
solution. Silver sulphide is even more insoluble than silver chloride, 
,ind requires a smaller concentration of Ag' for precipitation. On 
electrolysis of the solution of the complex cyanide, it is found that 
the silver migrates— as a whole- towards the anode, instead of 
towards the cathode. 

Many other metals form tlusc complex cyanides, which do not 
show the reactions of the ordinary salts of the metals in question, 
h’or instance, the salts • 

Potassium cobalticyanide . . K;,|('o(0N)51 

Potassium ferrieyanide . K;i|Fe(ON),| 

Potas.sium feiTocyanide . . . K,jF<'(C'N)c | 

fail to show the ordinary reactions of cobalt and iron .salts. 

Many of the insoluble sulphides -for instance, tho.se of arsenic 
and antimony- -dissolve in ammonium sulphide, forming soluble 
complex sulphides. There seems little doubt that small amount of 
complex ions exist in many solutions of ordinary double salts. 
solution of earnallite, (KCI.Mg 0 l 2 .()H. 2 O) for instance, contains for 
the most part the simjile ions K', Mg" and (!!'; but there is reason 
to think that in comamfrated solutions the salt also exists to a small 
extent as K' and [MgCljJ' ions.' 

The effect of a “ common ion ” on the solubility of many sparingly 
soluble salts often points to the partial formation of comiilcx ions 
even Uhen the complex salt is lot known in the, solid state ; silver 
chloride is jiractically insoluble in pure water or in dilute hydro¬ 
chloric acid, but concentrated hydrochloric acid has a very 
appreciable solvent action on the, salt. This suggests the partial 
formation'of a soluble complex chloride.^ possibly H[AgCl 2 ]. 
Silver chloride is also distinctly soluble in a strong solution of 
sodium chloride. The solubility of lead chloridei,is diminished by 
the presence of potassium chloride—as one would eiJpcct from the 

' R. Abegg and G. Bodlfinder, Zeitsch. Anorg. Chem, 20 (1899), 474. 

^ Coraparo K. Tt. Rioseiifeld and H. Feld, Zeitftch. Kltktrochein.^2ii (1920), 
280, who tiiid that in such solutions silver movesj to t)ie anode. 
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princijjjje of Mass Ajption—and 'is apparently slightly reduced by £ 
small addition of h^ad riitmte, huV a fui^lier iiddition of lead nitrah 
increased the saluliility.' This niay i)oint to ;! complex salt of th( 
type rf F^b(,'l]NOa. 

Very interesting information regarding the existence of complcj 
ions is given by the electrolysis of a solution. In a concent'ratec 
.‘♦oliition "containing potassium iodide and cadmium iodide, it is 
foiin l tliat fhe cadmium moves on 'electriilysis to the anode 
Presumalily, therefore, a complex salt is formed, such as KjCdl,.' 
wineli ionizes into 

2K' ami iCdl, 

Anotiier view-' is tliat the eomjilex salt formed is KCdL, ioniziuf 
to 

K'and |('dL,r. 

Whichever view is adopted, it is clear that (he cadmium will move 
towards the anode when an E.M.K. is applied. When the solutioi 
is'-dilutetl, the movement towards (lie anode becomes less jiro 
nounced ; it would appear therefore that tlu' complex ions hreal 
"up to some extent 

cdLi" ir + Cd- 

'and that the movement of the Id" towards the cathode ])ar(l\ 
com])ensates for the movement of | Cdl., |" to the anode. 

In the last chapter it was pointed out that in a eoncentrntei 
solution of simjile cadmium iodide the cadmium moves towards tin 
anode. This was exjilained liy the attachment of Cdl; molcculct 
to the iodine ions ; if it is imagined that deliniti' complex aniom 
are formed in this way, this view is eciuivalent to regarding tin 
apparently simple .salt CdL as a complex salt 
('d[Cdl,, | or perhajis CdlCdl, I,. 

In dilute solutions, the complex breaks up and cadmium movet 
towards the cathode. 

lloferenco may also be made to the colour of cobalt Salts.'' 
Solutions of simple cobalt chloride are, at ordinary temperatures 
red. The red colour is ajiparently due to Co ’ ions, for the rec 
constituent—(ryhen the solution is electrolysed—moves towards the 
cathode. Solutions of cobalt chloride containing calcium chloride 
are, however, blue, and, on electrolysis, the blue constituent is fount 

r A. A. Noy43 and W. C. liray, J. Aster, Chan. Soe. 33 (1911), 1G48. 

® A. Jacques, "Complex Ions in Aqueous Solutions " (Longmans, tlroen) 
pp. 16, 17. 

* J. W. MeBain, Zettseh. Elektroehan. 11 (190.5), 215. See also ti. G 
van Namt and W. G. Brown, Amer. J. ,S'ci. 44 (1917), 453. 

* F. G. Gonnan andtH. Bassett, .Junr., Tran.^. Chan. Soc. 81 (1902), 939 
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to move towards the anode.. *l t Is thouj!;kt.,therefore, that the blue 
sohition eoutaiss a *.'.omplex salt, • , 

OaClj.CoCl.. or Ca|CoClj|. yielding the ions^Ca" and 
The J)liie colour is attributed to the', complex anious’contaiiiing 
cobalt. It is interesting to notice, that the solutions (jf cobalt 
chloride containing v,ino chloride, are red, and that ihe red con* 
.stitiient nfoves- as usuab towards the cathode. Apparently in tin? 
double chloride of zinc aitd cobalt, it is the zinc, and not the cobalt, 
which entfu's the complex anion— a fact ((uiti^ in keeping with the 
known tendeiKiy of zini^ to take part in the formation of complexes. 
Thus, calcium cobalt chloride and zinc cobalt chloride an- radically 
different- 

Cat’I.^.Codl.^ nr ('a[('o{'l.| |, ionizing info Ca" and (('o('l,|" (liha-) 
ZnCl.^.Cot.T or (iojZnCl, |, ionizing ifito IZnCI,]'' and Co" (red) 

Character of the Precipitate. 1.'he eharaeder of the jiiecipitate 
formed when two solutions are mixed depends on many faetoi’s. 

If the degree of sn))er-saturation is vm-y great, ery.stallization is 
likely to start aka vi'ry large number of points and a line precipitate, ” 
results ; many of the ijraetieally '■ insoluble ” substances, such as 
barium sulphate, are thus pi-odueed as very line precipitates. On. 
the, other hand, when the degri'c of super-saturation is only moderate, 
crystallization will start at relatively few points and crystals of 
a])|)reeiable siz<‘ are produced : sodium chloride precipitated from 
a solution by hydrochloric acid comes down as a visibly crystalline 
precipitate. I’olassiuni platinicyanide -produced on mixing a 
solution of potassium chloride, witli a solution of platinum chloride - 
is another examj)le of a crystalline precipitate. Both these salts 
have a solubility far great(>r than that of barium sulphate, and the 
d(gree of suiier-saturafion produced at the moment of mixing is 
not very great, 

Jn the preci])itales of tin' com|)aratively solubh' substances, 
which Sre produce<l eomparative'y slowly, a geometrical crystalline, 
form of grain i.s often developed and can be observed if the precipi¬ 
tate is examined under the microscope. In other cases, crystal- 
skeleton,I and dendritic forms arc prodmaal. Where..howeve^', the 
degree of super-.saturatiou is great, and the precipitate is very 
tine, it is impo.ssiblc to make out any detinito ej-ystallino form even 
under the most powerful micro,scope. Such precipitates are 
often referred to as “ amorphous.” 

It is, however, thought by some chemists- notably by von 
Weimarn -that the amorphous grains ” are really aggregates of 
minute, crystalline particles. This point of vifw is supported by 
the followincr ohaprArnfir.na pf rtiaprrQiipop 
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and barium thiocyanate (two exceptionally soluble salts) are mixe 
together in very concentrated solutions, a gelaUnous precipitate t 
bariuin f sulphate is ^ obtained. From solutions of intermedial 
concentratton, the familiar fine amorphous precipitate of bariui 
sulphate is thrown down. Ijy using, however, more dilute solution 
Star-shaped crystal-skeletons and needles are obtained, which ca 
■be rticognized by examining the precipitate uii’der the mscroscope 
evidently, the effect of using more dilut^ solutions is to diminis 
the,degree of super-saturation, and, the number of nuclei produce 
being smaller, the individual crystals attain a larger size. If tl 
dilution is still further increased, the growth is slower, and tl 
precipitate contains grains of well-marked geometrical outline—the 
is to say, characteristic microscopic crystals. If the concentratio 
of the solutions is reduced below about N/7,000, no precipitate 
produced even after many years. ^ 

^Many other of the highly insoluble substances which are con 
monly produced as apparently structureless precipitates can 1 
obtained as crystals of a size visible to the naked eye when tl 
reacting salts are allowed to come together very slbwly in a dilul 
solution.- 

' Much more direct evidence of the crystalline character of appai 
ently amorphous precipitates has lately been afforded by tl: 
X-ray study of precipitated silver chloride and .silver bromide; 
has been shown that these precipitates consist of minute crystallir 
particles, which arc too small for recognition under the microscopi 
The atoms in each j>article are found to be arranged on a cub 
lattice, the arrangement being the same as in silver bromide crysta 
yirepared by the solidification of the fused salt.'' 

Keference may here be made to the gelatinous precipitates, < 
which the hydroxides afford many examples. In outward appea 
ance, they would seem to be entirely structureless, but it is vei 
likely that here also we have to deal with aggregates of very sina 
particles, probably of a crystalliiuf character. Apparently it is tl 
most insoluble substances which tend to be thrown down i 
gelatinous form ; as has been stated above, barium sulphate ca 
be th-own dhAii in a gelatinous form if very concentrated solutior 
are employed. Presumably the degree of super-saturation is i 
such cases very great, and the particles produced arc very sma 
and very npmbrous. On account of the very small size of tl 
primary particles, they readily link thcm.sclves to one another 1 

‘ P. P. von Woimam, KoW. iJcilsc/i. 3 (1908), S!82. .See also W. U. Bancrof 
J. l‘hys.,Chem. 24 (1920), 100, who restates von Weimarn’s views in a luc: 
manner, discarding much that is open to criticism. 

“ Seo O. Lehmann, ^ Molekular Physik ” (Engelmann, 1888), Vol. I, p. 51 

• R. B. Wilsey, Phil. Mag. 42* (1921), 262. 
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form secondary aggregates,»anji much wa^crSs included Mthin the 
network of partiflcs thus obtained. This aauses the gelatinous 
character of the precipitate. The gelatinous',state is further 
considered in the next chapter. • * * 

Although von Weimarn is probably quite con'cct fh saying that 
the ultimate particles of many apparently amorphous precipitates 
are orjjptalline, yet it spems very possible that twly amorphous 
precipitates may also exist, in which the ultimate particles can’be 
regarded as drops of saipor-cooled liquid—or as globules of a glassy 
character.’- 

The so-called “ membrane ” precipitates deserve brief notice 
at this point. When a single drop of c(>p])cr sulphate solution is 


cautiously introduced into the centre of a .solution of potas.siuin 
ferrocyanide, the drop becomes surrounded by a thin membrane 
of insoluble copjier ferrocyanide, \Vhich keeps the copper sulphatx^ 
witliin it from intermingling further with the solution outside, so 
that the drop remains separate from the rest of the liquid. ,This 
tenacious and apparently elastic skin .seems to consist of particles 
of colloidal,size and is threaded by channels of about 10-20 fill 
diameter which arc impermeable to the two reacting salts.- 
“ Ifembrane precipitates ” of a rather similar character are often 
seen when hydrogen sulphide gas is bubbled through the solution 
of the salt of a metal having an insoluble sulphide. 

Often tile very fine precipitates formed at the moment of the 
mixing of the precipitants rapidly become coarser. This is well 
seen in the ca.se of silver ehloridi'. When hydrochloric acid and 
silver nitrate an; mi.xed, the particles of silver chloride are very 
small at lirst, but soon commence to adhere to one another, forming 


■' clots ” of considerable size. In many eases, the pre.senei' of 
small quantities of electrolytes in the solution have a marked 
elTect upon the adhesion of the particles to one another; the 
factors involved are similar to those governing the flocculation of 
coHoid solutions- a subject,which is discussed in the next chapter. 

Another well-known case, of coarsening is that of barium sulphate. 


When lirst produced this precipitate is usually so fine as to pass 
through ordirfary filter-paper. But if it is allowed to stand for some 
time iiiU'ontact with hot water containing a trace of hjtiroohloric 
acid and ammonium chloride, the grain becomes coarser and the 
precipitate can no longer pass through filter-pajrer. This is usually 
attributed to the fact that the larger grains grow nt the expense of 


* W. i>. Bancroft, “Applied Colloid Choinistry’’ (McCraw-HiU), 1921 
edition, p. 160. » 

» F. Tinker. Proc. Roy. Soc. 92 [A] (1916), ^57 ; Trans. Faraday Soc. 
13 (1917), 133. 
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the smalt'ir ones.. K>jperjmental inyes^igatiolls have been carried 
out which are interpreted Ss showing that very small grains of 
barium sulphate are much more soluble than t]u! larger grains.* 
A solutifmtvhich is supcy-saturated with respect to the larger grains 
may yet be tinsaturated with respect to the smaller grains. Xhe 
small amount of hydrochloric eicid pre.sent is su])posed to have a 
partial soK^ent jiction on the barium sulphate ; the smallest grains 
ar® mrfinly attacked, aiid. since the solution produced i.s*super¬ 
saturated with respect to the large grains, doposition occurs on the 
large grains, 'this renders the solution again unsaturated with 
respect to the smaller grains, which are further attacked, and the 
process of the dissolution of tlu! small grains accompanie<l by tlu^ 
growth of the big grains proceeds until all the small grains have 
disappeared. 

Recent w'ork. however, would* tend to show that this i.s not th(> 
main cause of the coarsening of barium sulphate, which is largely 
due to the fact that the line particles first produced adhere together 
to form secondary aggregate.s.- 

Evolution of Gases. Hitherto we have considered only the 
separation of solids : the chapter would be incomp'lctc it some 
slight reference wi're not made to the separation of gases when their 
solubility limit is exceeded. 

The princijiles which determine the evolution of a gas are essen¬ 
tially the same as those determining the precipitation of a solid. 
Carbon dioxidi' dissolves in w'ater, yielding carbonic acid (HjCO^), 
which forms salts (the carbonates) with metallic oxides; but 
carbonic acid is a weak acid, and the solubility of carbon dioxide is 
small. Therefore on the addition of a strong acid to a solution of 
a carlionate, carbon dioxide gas is evolved. It is not (w-olved, 
however, by acids like hydrocyanic, which are very much weaker 
than carbonic ; on the contrary, carbon dioxide will slowly expel 
hydrocyanic acid from the cyanides. 

Even strong and soluble acids, like nitric and hydrochloric, .are 
evolved—owing to their volatility wllcn nitrates and chlorides are 
heated with the le.s.s volatile acid, sulphuric acid ; thus nitrates and 
chlorides can be converted into sulphates. The chang*^ i.s im¬ 
portant both in Iiulu.stry and in analysis. . 

But even sulphuric acid (or the anhydride, 80;,) is volatile at a 
higher temperature, and by heating a sulphate with the non- 

r 

G. A. Uulott, ZcU.ich. CHpm. 37 (1901), 3H.'t; \V. OstwaM, Zdtsc/h 
Phys. (Jhem. 34 (1900), 503. 'Fho quantitutivo conclusions of those writers 
aro not universally accepted at the present time. 

* Sven Oden; Svonsk Kcin. 'Pidskr. 32 (1920), 108; Abstract, Chem. 
ZentralblaU, 91 (1920), iif. 705, 
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volatile boron oxide *1; possibly to expel the J*lphurio 

anhydride, and co^nvert the sulphate fnto a ,borate. This is an 
interesting change because it represents an example of a rare, 
phenomenon, -the expulsion of a fairly stropg acid (sidjilniTie) by 
a uieak one (boric); it is rendercfl possible only by the non- 
voliitilit.y of the latter. • 

Sumijiary. Tlie hypothesis of the. independeei e.visfenee of 
charged ions iir ordinary solutions loads to a rational explanatidn 
of many peculiar facts honcerning the precipitation and dissolution 
of sparingly soluble .salts. The hypothesis is supported by the 
abnormally low values for the lowering of the. freezing-point of 
water by salts. The application of the Law of Mass Action to the 
erpiilibrium between ions and unionized molecules lends us to expect 

that the expression - *-shouktbe constant for a given binary 

y(l a) 

salt at all dilutions. For weak acids and alkalis this is found to be 
true, but for salts, except at extremely great dilution, it i.s*far 
from true. The failure of “ Ostwald's Dilution laiw ”■ -as it is 
called is be.st. explained by the assumption that it is impossible 
to draw a sbaip line of distinction between " free ions ” and 
“ undissociated molecules.'' The atoms are charged at all dilution^, 
but the attraction l)etw('en oiipositcly charged ions —even at a 
distance- 1 a uses some restraint on their relative motion : jirobably 
the so-called “ umlissoeiated molecule ” is merely an extreme 


example of the same .sort of re.straint. 

Nevertheless the notion of ionization can bo apiilied qualitatively 
with great success to explain the various reactions used in analysis. 
It explains, for instance, why an insoluble salt is rendered less 
soluble by the pre.senee of a common ion in .solution ; why ammonia 
is rendered a weaker alkali by t.he ]n'e.sence of ammonium chloride, 
and acetic acid a weaker acid by the presence of sodium acetate ; 
why sidphurctted hydrogi.*n will only precipitate metals with 
cxce|)tionally insoluble sulid^idcs from acid solution, but will 
precipitate other metals from alkaline solution; and, lastly, why 
calcium oxalate can be thrown down from ammoniacal solution, 
l)ut dissolves in hydrochloric acid. ^ 

Often, fiowovcr, a precipitate redissolves in exc(«s of the*precipi¬ 
tant, and this is attributed to the formation of complex anion.s. 
The explanation can in many cases be verified by the migration of 
the heavy metal towards the. anode- instead of the “cathode—when 
the solution is electrolysed. 

The character of the precipitate produced depends on the degree 
of super-saturation. Comparatively soluble salts like*potassium 
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platinicMoride uomtf (Jown as crystalline precipitates. More 
insoluble substances, like barium sulphate, are jooramonly thrown 
down in a forn) 'that is apparently amorphous—sometimes even 
gelatinouA ' From more dilute solutions, however, the same salts 
are produced as crystalline precipitates, and it is reasonable to 
suppose tjiat many of the .Sb-called amorphous precipitates are 

really aggregates of extremely fine crystjils. 

• • 
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. CHAPTKR VII 

THE COLLOIDAE STATE IN METALS AND METALLIC 
COMPOUNDS 

111 the last chapter, reasons have been given for thinking that ir 
tile ordinary solutions of metallic comptninds, the particles ol 
solute are for the most part electrically charged ; in instance! 
where there is little dissociation into clectritied ions—as in the ease 
of the hydroxides of the heavy metals—the solubility is usually 
very small. In the present chapter, it will he shown that^ manj 
sulistanccs which, under normal conditions, are nearly insoluble ii 
water, ca» nevertheless be obtaimid in a state of “ colloida 
solution,” and that the particles existing in these colloidal solution 
are also electrically charged. Moreover, the electrification appear; 
to bo essential for the stability of the sy.stem because, if the ch'hrgi 
1)0 removed, precipitation of the dissolved substance nearly alwayi 
occurs. 

Colloidal solutions are referred to by many writers as “ sols ” 
whore the “ dispersion medium ”—the .solvent or liquid throughou 
which the colloid particles arc dispersed- is water, the colloida 
solution is referred to as a “ hydrosol.” 

'I'he colloidal solutions of solid .substances which under ordinar; 
circumstances are nearly insoluble, may be regarded as suspension 
of the substances in particles of such small size that they ar 
indistingHi.shable to the eye, and fail to settle, remaining suspends 
iti the liquid indefinitelv; they may conveniently be callei 
“ suspensoids.” There is another class of materials, howevei 
which form colloidal solutions ; these include complex organ! 
su bstiinces Jiko gum and gelatine. The ordinary solution of gelatin 
contains particle.s of colloidal size, and the solulion has many of th 
properties of the suspensoid sols referred to above. It appeal 
permissible in such a liquid to identify the colloid particles with th 
molecules of gelatine,' and to ascribe the'faet that a gelatim 
solution po.sscascs colloidal properties to the fact that gelatin 
consists of extremely large complex molccule.s ; many chemisti 

* (’omparo J. Loeb and R. F. Loeb, J. Om. FJiysiol. 4 (1921), 187 ; especial) 
9m 
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however, iWnsider this a'wr^snv view, i«id »'e|;ard the colloid parliehs 
of a gelatine sol as aggregates of molecules, Thcjre is, no need to 
enter into this c 9 i’itroversy, which has been caused mainly by 
different eoitcf'ption.s of what the word “ inoleoule ” means. It is 
enough to point out that colloidal solutions of these complex bodies 
possess certain properties ratift'r dillerent from tlujse of tln^ 
susj)ensoid colloirls refeiTod to above ; they seem to resfmbh* 
enurlsion's (i.e. systems consisting of drops of one li(piid suspended 
in another), rather than susp('nsions of solid ‘oodies, and they are 
therefore termed “ emulsoids.” 'I'he colloid solutions of emul- 
soids differ from those of suspensoids in being viscous and in general 
more stable ; when they suffer change, tlu' emulsoids tend to 
"gelatinize.” whilst, in a su.si)en.soid .sol, the |)articlcs tend to 
aggregate together to form a ju'ccipitatc which settles to the bottom 
of the liquid. ’ 

But, although the terms " suspensoid ” and ” emulsoid ” are 
conveyient, it is a mistahe to regard it as certain that the so-called 
suspen.soid .sols consist of .solid ])article.s in a liipiid, whilst the 
so-called emulsoid sols consist of liquid globules in anojher liquid. 
It appears to the present winter that the sharp distinction between 
.solids and liquids may not be maintained in reference to jiarticles 
of sizes conqiarablc to that of a molecule. In any case, the fact 
that a sol has a high viscosity cannot be taken as a certain [iroof 
of an emulsoid character. 'Ihe viscosity depends on many factors ; 
for instance, sols containing small particles have usually a much 
higher viscosity than similar sols consisting of large jiarticles.' 
There appear to tie cases of colloids possessing transitional jiro- 
perties between those of suspen.soids and emulsoids. 

It was stated in the introduction that colloidal solutions differ 
from ordinary solutions mainly in the size of tlu' particles. The 
colloidal .solution of a suspensoid is intermediate in charader 
between a true solution on the one hand and a true suspension on 
the other. There is probably no shar|) line of division between 
the three classes, 'fhe following fable, vihich gives the fliameter 
of the jiarticles occurring in the various cases, illustrates the 
transition from one type to the other.- ' ' 

Urdiiuiry MoVsailur size 

Hydrogen molcfaile .... O-J///* 

Water molecule ..... O-lil/z/i 

Sodium chloride molee.ile . , 

Chloroform molecules .... O-S////, 


■ODOlMIOl rnm. 
•OOOOOOia mm. 
•00000026 mm. 
■0000008 mm. 


‘ Th, Svedlierg, Tratis. Fimulay ,Sur. 16 (1021), Appendix, jip. 7, 8. 
Partly taken from W. Osl.wald, " .Handbook of Colloid Chemistry ” : 
translation by jl. H. Fischer, with notes by li. Hatschek (Churchill, 1019), 
pp. 30, 31, * 
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Colloidal size:— >,1 ' ^ ^ 

Gold colloid particle . , * . • . 2 -000002 to 000015 mm. 

>Starch “ inoleculg' ”... bfifi «. -000005 mni. 

Precipitated gold particle . . 7ry///. ^ - -(100075 inm. 

Pat‘tit'}e.s in Suspeii.siou« tuid J']jjmlsioiis ;—■ . * I * 

JVIaslie HU.spension, partich' . .'O otol/f — -0005 001 mm. 

Kaolin pai ticli's (cliiim cla.v) . , to 2// 001 to 005 rum. 

♦ (nobul(\s of fat in milk . . 2/<; to lO/f - 002 (i>-^1 mm., 

- -OOOOOI mu'!. ; ]ji - 001 mm.) , ^ 

A special iiitei'cst'attaches to colloidal solutions owing to the 
fact that I he pai'ticles are large enough to he detected hy means of 
the \dtra-rnieroseo]ie, and yet small enough to show appreciably 
the motion, known as “ Brownian Movement,” which indicates the 
thermal agitation existing in a solution. Whereas, in the st udy of 
ordinary solutions, we can iiKU’cly watch the combined etl'ect of the 
movement of millions of moleeules or ions, it is possible—in 
(ioliohlal solutions-to observe the motion of the individual 
])aiiicles. > 

The details of the design of the ultra-microscope, as developed 
by Zsigmor.dy and iSiedentoi»f, must be sought elsewhei'e.i "die 
[irineiple, however, is simple enough. In the ordinaiy forms of 
mieroscojKS' as opposed to the ultra-microscope—the objects ^ire 
viewed by Imnsmilted light. An opaque jiarticlo will therefore 
appear blsck against a light background. It is found, however, 
that very .small particles cannot be detected at all by transmitted 
light, since the minute blocking out of light due to any one tiny 
particle will be inapjireciable to the eye, owing to the vastly greater 
amount of light which still reaches the eye from points all round the 
jiartiele. If, however, the arrangement of the microscoiK* is such 
that none of the light u.sed for tln^ illumination can enter the 
niiero.seo))e tube uidess it is deflected from its normal course by 
striking on some suspended body, then we may hope to see any 
minute pai’ticles suspended in a transparent liquid, as light points 
oif*au absolutely black bac^eground. So long as the illumination 
is very bright, and the power of the microscope high, it will be 
possible to detect and count particles of very minute size, although 
no direct information regarding the size or shape yi thereby afforded. 
Such is* the jirinciple of the ultra-microscope. * 

In Fig. 70 is shown, diagrammatically, the essential difference 
in the principles of the ordinary microscope, (A) and the ultra- 
microscope (B). In A the liquid L is illuminntecf from below, and 

* 11. Zsigmondy, “Colloid.s and tho lJltra-Mifrosco|)e,” translation by J. 
Alexander (Wiloy); K. Zsigmondy, “Kolloid Chemie ” » E. F. 

Burton, ” Physical ProjicrtievS of Colloidal Solutions ” (Longmans, Green). 
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the suspfiifjjied partfclej/when seen froli/above, will appear black 
against a white baekgromfd /if indeed they are visible at all). In 
, ' B the liquid is< illuminated 

from the .side, and the sus¬ 
pended particles appear 
white against a dark bac'k- 
ground. , <■ 

The matter is mado even 
clearer by an example 
familiar to all. If a beam 
of sunlight i.s allowed to 
entei' a darkened room 
through an aperture in the 
shutters, the particles of 
du.st su.spendcd in the, aii- 
along the path of the beam 
appear brightly illuminated, 
])rovided that they are 
viewed from the side, so 
that they “'show up ” 
against the dark walls of 
the room. It is due to this 
fact that the “ path ” of the 
light-rays through the air is 


f 

V. • 



Axis 




Microscope 
1 ' 

9 

nia 



'|A 

Inii:: I ' 


■liiiK 





Light 

(A) 


Darh Sactrgi'Ouna 


(B) 


Fi(/. 70.- 'I’ho Esseiiliul DilToroiice lio- 
tweeri (.4) the Ordinary Micros(! 0 |n', 
{B) the tTltru-Miero.seopo. 


visible ; if the air was free 
from dust, the “ path '' of 
the light would not be de¬ 
tectable by the eye at all. 

Now, if instead of viewing 
the ])ath of the light from 
the .side, the eye is placed in 
the beam itself, no dn.st- 
j)artieles are seen ; the eye 
is merely dazzled with the 
intense general illumination 
whieh reaches it. 

In the j)lace of the dusty 
air, we can substitute a glass 
jar containing a colloidal 
solution. If this js viewed 
by transmitted light, it 
appears to be transparent; 
if, however, it is viewed from the side so that only light deflected 
in its direct course b^ striking the colloid particles can reach 



Microscope 


Conde nser , 


Fic. 71.—The Ultra-MicroHCopo. 
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the eye, a turbidity can IjeJ detected. AA^ if, further, tj^e naked 
eye is aided by a high-powel' tmcrosoopp, placed al right anglas to 
the direction of tBe light, the individual particles which are nv 
sponsiblo for the scattering or deflection of the light per¬ 
haps be made out—provided the jUuminaiion is sufficient- and 
wilf then appear as bright points dancing upon a black back¬ 
ground. In Fig. 71 light from an intense source (provided for in¬ 
stance hy a pointcJlite lamp) is directed by means of the conjlcnser 
C upon the colloidal solution placed at B, which is examined by a 
microscope A placed at right angles to the direction of the light; 
by an arrangement of this kind the individual colloid particles can 
be observed. 

T’hc older forms of ultra-microscope enable the observer lo count 
particles as small as 6//jU, but the newer form of “ immersion ” 
ultra-microscope, which has much more intense illumination, 
allows them to be counted down to whilst it detects jiarticles 
of (‘ven smaller .sizes.* 

The “ Brownian Movement ” of the particles, as seen when a 
colloidal solution is observed in the ultra-microscope, is most 
interesting. Ilf, for example, a solution of gamboge or caoutchouc 
is studied, the particles will be seen darthig about in haphazard 
fashion, and frequently changing their direction. Various observejis 
have studied the course followed by individual colloid particles, one 
experimenter using the ])rinciple of the cinematograph for the 
purpose.^ All observations indicate that the path followed by an 
individual particle is of an irregular zigzag character ; the irregular 
and haphazard motion is usually ascribed to the fact that the 
chance impacts of the liquid molecules on one side of the jmrtiole 
may, at a given moment, happen to exceed those on the other side, 
whilst at the next moment, the state of affairs may be reversed. 
Careful research has .shown that the visible movement of the colloid 
particles is govei'ncd by just the same laws as appear to govern the 
mo^ments of the invisible‘molecules of gases and liquids, and it is 
possible to regard the BrowAian Movement a.s an ocular demon¬ 
stration of the correctness of the kinetic theory of gases and liquids.^ 

Tlui Brownian Movement, as would be expected from kinetic 
conaidcruJtions, falls off as the particles increase m size, , The fat 
particles in milk exhibit it to a small extent, whilst particles larger 
than about ‘SSifi do not .show Brownian Movement at all. Evidently 

• 

• 

^ (i. King, J. nifoc. Ghe7n. hul. 38 (H>19), Gt. The instnimonl is described 
by K. Zsigmondy, Phya. Zcitach. 14 (1913), 975. 

* V. Honri, Coinptes lietid. 147 (1908), 02. 

* J. Perrin, Comptea Pend. 146 (1908), 907. Seo also J. Peruin’s excellent 

book, “Los Atonies” (Alcan). ^ 



27|:, METALS AND MB|pALLicr COSiPOUNDS 

it is Brownian Jfovemont whicii prevents the particles from 
settling under the influ6ion of graVity,>for where the particles in 
suspensions and jn emulsions are too largo to s^ow'violent move- 
ment, griy^lpal sl^ttling of the particles takes j)lace. In a suspension 
of kaolin, tkp particles^slowly sink to the bottom if the liquid is left 
unstirred ; in milk, where t hp particles are lighter than the liquid 
iiv which they are suspended, the fat^ or creaniT gradually collects 
0/1 tlvi surface. • ‘ r 

Another property which gradually vaiics as the size of tht' 
jiarticles changes is the power of passing through a jiorous material. 
The ordinary molecules and ions of salts will diffuse readily through 
ordinary parchment paper, w'hilst the larger particles of a colloidal 
solution fail to pass through. This i.s the basis of a method known 
as dialysis, which allows ns to .separate ordinary salts from 
colloidal substances, if a soljition containing ordinary salts and 
also colloid jiarticles is placed in a parchment “ thimble ’’ surrounded 
by pure water which is piuiodically renewed, the salts gradually 
paits through the parchment and are removi'd, leaving a pure colloid 
solution behind. 'I’lie difference in permeability varies, however, 
'gradually w ith the size of the particles, and by selecting a medium 
of the proper porosity, the separation of the la'rger from the smaller 
Kolloid particles is possible. Ordinary lilter-pa])er prevents the 
passage of particles exceeding o/r in siz(^ wdiilst special ■“ hardened ” 
fllter-]>aper holds all those larger than 2//,; clay cylinders arc 
impel V ions to particles e.xcccdingO'4 to 0*2,//, and special membranes 
are manufactured to stoj) the jiassage of still smalk'r i)article.s. 
Upon this principle a system of Ultra-filtration has been worked 
out, for the separation of colloids from one another.' If a solution 
containing the organic dye, benzo-jmrpurin, and the inorganic 
colouring matter, Prussian Blue, is forced thrcjugh a membrane 
filter of suitable porosity, the Prussian Blue is retained and the 
benzo-purj)urin passes through.- 'J’hc beuztp-jmrpurin .solution thus 
obtained can be forced through a still finer membrane, which 
retains the particles of the dye ; the lippiid which (simes through 
this second membrane is colourless. 

Cataphoresis. If two electrodes are imm(.TS(y| in a colloidal 
solution and a»E.M.F. is applied to them, the particles loommence 
to move either towards the cathode or towards the anode; this 
phenomenon, which is known as cataphoresis, shows that the 
particles arc qjther positively or negatively electrified. Since the 
presence of colloid particles usually confers a distinct colour upon 

^ Bochhold, Zeitsch. Phya. Chem. 60 (1U07), 257 ; 64 (1908), 328. 
119^ Bachniann, Zcitach. Anon/. Chem. lOs’(1918), 
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the mcdiuin in which th«j are suspcin^dSthfe .migratitti of the 
particles towards the electrode can betibsorved by methods similar 
to those des(?i'ibed for coloured ions in a proviotis chapter.* The 
infibilities of colloid particles have been measured, aivl/art? of the 
saiye order of magnitude as those of ions. For •instance, the 
mobility of the negatively charged particles present in a colloidal 
solution of silver. varie.s between ■0(.)02 and •0004 cm5. ]ier title., 
whilst t?iat of tlie ])ositively charged silver ion present in the solutkiu 
of a. silver salt is -00(^9 cms. per sec. 

It is interesting to observe that a tine suspension of clay particles 
in water e.xhibits cataphoresis ; the particles wander to the anode 
when an M.M.K. is applied, likewise, if an E.M.l’. is applied to an 
emulsion of oil and water, the dro[)s of oil usually move towai'ds the 
anode, which shows that they also possess a negative charge. 

It is most iin)iortant, however,,to notice that the sign of the 
charge can often be changed through the addition of acids, alkalis 
or sails to thi‘ liquid. For instance, in a colloidal solution of 
egg-albumin, which has previously been boiled, the particles move 
to the cathode in the presence of a trace of acid, but to the anode 
in the preseTiee of a trace of alkali.- Fvidcidly, therefore, the 
particles have a positive, charge in acid solutions, and a negative 
chai'ge in alkaline solutions. A similar change of direction is noticiSd 
in a so'ntion of gelatine. 

In sui li cases, it should be po.ssible by adding just the right 
ipiantity of acid or alkali, to obtain a state in which the colloid 
particles move, neither to the anode or cathode. It is always found, 
however, that as this point of electrical neutrality -whitdi is known 
as the iso-electric point- is approached from either side, the 
colloidal solution becomes unstable, and a flocculent prr'cipitate of 
the colloul sul)stanec appears in it. Since it seems - in most cases- ■ 
impossible to keep a substance in colloidal solution under conditions 
which deprive tlu^ jiarticles of their charge, it is natural to conclude 
thay t is the reiujlsion ca,us(al by the electric charges on the particles 
which is the determining facJtor in preveiiling tiu' particles from 
elusteriiig together to form the “ lloeks ” or “ aggi’egatcs ’’ that 
wouht eoustitnf.o an ordinary precipitate. According to this view, 
when thfichurge is removed, the thermal agitatio* of the,i)articles 
is, by itself, insullicicnt to prevent the union of the particles, and in 

* Where the colloidal substance does not of itsclt [jottscas sufticient colour, 
an indicator cun bo usc<l, Ttius a trace of fon'ic etdoride h-ill servo to show 
up tho penetration of tannin into gelatinous matter under tlio influence of 
an electric current. See E. K. Kidcal and U. K. I'ivaus, J. I'yoc. VJtem. Ind. 
32 (1913), 033. 
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conscquwoe, prqc^itM;ion occurs. Jf.a 4 y authorities, ^ however, 
consider this simple ex^laitation ah scarcely suflicicnt, although 
undoubtedly it contains an element of the truth.= ■ 

Expeiinjcjits Have boon made which appear to show that it is not 
necessary to‘'fleprive the particles wholly of their charge in order to 
cause precipitation, but that \vhen the potential difference between 
the coUoid'and the medium is reduced below a,certain value, the 
particles begin'to join together to form ag'gregatas and thi.s*process 
continues until a visible precipitate apjiear^.^ 

In many cases, the addition of a salt is capable of bringing about 
a reversal of the charge. The presence of aluminium salts arc 
especially, potent in converting negative colloids into positive 
colloids. The particles of a eolloidal solution of gold or of silver 
normally move towards the anode, but the addition of the merest 
tr.ace of an aluminium salt rcdyces the velocity very much, whilst 
addition of further small quantities cause the particles to move 
towards the cathode.* 

ih'en in the case of an emulsion consisting of globules of oil 
suspended in water, the sign of the charge can be changed by the 
addition of alumhiium chloride to the water. UiWer ordinary 
circumstances, as stated above, the oil-])articles wander to the 
aeiode ; but in the presence of aluminium chloride, they move to 
the cathode.® 

The sign of a colloid is in several cases dependent on the mamier 
in which the solution has been prepared. A eolloidal solution of 
ferric hydro.xide, for instanc(i, can be jjroduccd by two distinct 
methods. Iti the first method, it is obtained by the hydrolysis of 
ferric chloride according to the equation, 

1 8et! for in.stanuo W. j^owi-s, ./. ,Sor. (.'lu'.nh. hid. 38 (iiHll), It, win) 

says, “ 'J'lio dilHeulty uf aticfptin^ tliis vt'ry siiiiplo view li(?s in tho fact that 
peptization and protection—whicti flopond ufiou adsorptive effects—occur 
between particles ctf tho same (Mectric sign,and Ihereforo presumably rejiclliiig 
one another. 1 must confess to bo not altogether salistied with tho view." 
Compare L. F. Knapj), Tram. Faraday Foe. 17 (1922), 457. ,, 

* Tho personal view of the jire.scnt writ^T is as follows. At tlio iuterfaco 
between tho colloid and the liquid, forct's of electrical origin exist. Those 
acting along tho interface (the iiiterfacial tension) rise whenever those acting 
acroan tho interface (the “ adhesive forces " binding the piloid and, liquid 
together) fall, and #^ico versa. At or near the iso-olcctric point, tho iiiterfacial 
tension known to bo a maximum, and accordingly tho forces l^inding tho 
colloid particles to the liquid aro a minimum near tho same point; hence 
colloidal solutions have a minimum stability at or neoi* the iso-eloctric point. 
It is noteworthy thaUnot only peptization, but also swelling, is at a minimum 
at the iso-electrit point. 

® F. Powis, Trans. Chem. Foe. 109 (1916), 734; R. tJ. Willows, Trans. 
Faraday Soc. 16 (1921), Appendix, p. 101; R. Zsigmondy, Zeilscit. Klektro- 
chem. 23 (1917), 148. 

* E. F. Burton, Phil. Mag. 12 (1906), 472. 

® F. Powis, Zeitech. Plsys. Ohem. 89 (1915), 91. 
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EeCla + -=*Ec{Oh{, V 3HCI, •* 

the hydrochloric*acid produced by t£e change being removed by 
continued dialysis; in the colloidal solution df, ferric hydroxide 
thus prepared, the particles have a positive charge. li^tSe second 

• N * 

method, by .slowly running in a . solution of ferric chloride into 

100 > * 

• ^ • 

slight excess of solution of sodium hydroxide — with ounsUnt 

.shaking so that the alEali remains in excess at all points- - a colloidal 
solution is prepared in which the particles have a negative charge.^ 
'J’he essential difference between the two methods of preparation is 
that, in the first method, ferric salts are present in excess all the 
time, whilst in the second method, sodium hydroxide, is present in 
excess. All the circumstances go to prove tliat the ferric hydroxide 
jiartioles prepared by the first method contain “ adsorbed ” ferric 
ions, and that the positive charge of the particles is due to the.se 
ferric ions ; on the other hand, the ferric hydroxide produced by 
the .second method liave adsorbed liydroxyl ions, and in consequence 
the particle.^* possess a negative charge. 

It should be pointed out that if dialysis of the solution prepared 
by the first method is pushed so far that practically all the ferijic 
chloride is removed from the solution, it becomes very unstable, and 
readily deposits a precipitate; this gives considerable support to 
the view lhat the cliarge i.s due to adsorbed ions. iSimilarly the 
negative form of ferric hydroxide is rendered nnstahle, if an 
attenqit is made to remove the wliole of the sodium hydroxide 
by dialysis. 

Since the presence of feiTie chloride is nece.ssary for th(‘ stability 
of the colloidal solution ]>roduccd by the first method, it is possible 
to look upon the whole as a complex salt of indeliiiile composition, 

.TFj>{llH)3-?/lt'e( 'I 3 

whifli is dissociated into iliPj ions 

xFe(OH) 3 .»/Fe"’ and 3yCl'. 

From* this standpoint, tlie colloidal particle ii^ really an ion, 
although*an ion of unusual size and of variable composifion. 

The notion of the colloid particle as an ion of a complex salt 
has rather special interest, as it reconciles two Apparently diverse 
views which have been put forward by different authorities. It 
has long been known that precipitated ferric hydroxide when 
shaken up with ferric chloride solution pas.ses---or appears to pass— 

^ F. Fowis, Trans. Chem. Soc. 10? (1915), 818. 
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into solufttin. Some chemists * hold the jihenomenon is due 
to the formation of {i solub'le basic chloride. 0,thcrs ^ hold that 
there is no true solution at all, but only “ peptization,”'the breaking 
up of th'6 I'jrrio hydro:!^ido into colloid particle.s, which remain in 
suspension iii''the liquid, the jjCptization being brought about .by 
the adsorption of ferric ions. If the colloid particles arc regarded 
as the ions of a pomplex basic salt, the second view becomes practi- 
caHy identical with the llrst. It is necessary, however, to modify 
the first view by stipulating that the so-calV'd ” basic salt ” shall 
have a composition which varies indefinitely with the amount 
of ferric chloi'ide present. It is also necessary to point out that, 
owing to till! large size of the colloid particles, the ferric hyilroxidc 
can be separated from the liquid by filtration through a suitable 
medium ; in fact, under certain conditions, ])art of the hydroxide 
may even settle spontaneously to the bottom of the vessel under 
the influence of gravity. 

Ai^ analogous ease is the peptization of prc<!ipitatcd stannic acid 
by sodium hydroxide.^ By treating the precipitate with different 
quantities of sodium hydroxide, we can get a colloidal solution 
containing particles of almost any desired size. 11^ the sodium 
hydroxide is jiresent in .small amount, the particles are big, and the 
sdiution unstable ; as the amount of alkali added is gradually 
increased, the average size of the particles becomes gradually 
.smaller and the solution becomes more .stable, until when the 
sodium hydroxidi! is present in very large amount, the particles 
are mo.stly of molecular .size, and the solution can bi' i-cgarded as a 
.solution of sodium stannate, Na 2 Sn(OH)„. We can regal'd the 
whole .series as consi.sfing of the salt 

a:NaOH.y!Sn(OH) 4 . 

ionizing into 

irNa' and 3'0H.'.i/(iSn(()Tl)4), 

the anion being, of course, the negatively charged colloid particle. 

Somewhat similar is the case of tiie solutions of the “ soaps,” 
such as .sodium oleate, sodium painiitate or .sodium stearate. These 

* W, Fftuli and Matulu, KvlL Zcilmh. 21 (1917), ■!!>; VV. Pauli, Trntis. 
Faraday ooc. 16 (1921), Appoiulix, ]>. 14. 

* For instance, H. B. Weiser, J. Fhys. C'hem, 24 (1920), 277, oHjiccitilly 
j). 285. Compare W. D. Bancroft, J. Fhys. Che.m. 20 (1910), 85. 

® Compare the view^i of R. Zsigmondy, Ztitach. Anorg. Ghe?n. 89 (1014), 210, 
with those of W* Pauli, Trans. Faraday jS'oc. 16 (1921), Appendix, p. 17. 
Zsigmondy, it should be noticed, considers that the effect of small additions 
of alkali is to break down the large secondary aggregates into primary colloid 
particles, but that excess of alkali causes further diminution of siz« through 
chemical actfon (stannate formation)—a process which, he says, “ has nothing 
to do with peptization. 
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substances dissolve readily,oiipugh in wf^teh as* is well l?i^own, but 
the presence of particles of colloidal*size ir^ the liquid can often 
bo inferred from the fact that the solutions, c+qn when prepared 
with distilled water, are distinctly turljd. Our ltti)\^ledge of 
the nature of the colloid particle^ is largely duo tt) the work of 
Me Bain.* It is found that, in co'nccntrated solutions, the con¬ 
ductivity is ooirsWerable, but that the “ molecular,weight ” of the 
solute—as found tiy a “ dew-point method ” (based on the .sitme 
principle as the “ boiling-point method ” in general application)— 
is very high. This high molecular weight would lead one to sup- 
po.so that the concentration of “ ions ” jiresent in the .solution is 
comparatively small, and we can only account for the high con¬ 
ductivity if we assume that each “ ion ” carries a large number of 
electric charges. 'J’hc.se and other considerations led to the pos¬ 
tulation of “ ionic micelle theory*’ of soap solutions. 

Consider the case of sodium ])alnntate, which we may write NaP, 
where P reiirosents the group OuH;,,!)-. In moderately fjilule 
N 

solulioiis, below , this is ionized hi the ordinarv way to Na and 
,10 • . 

P' ; where the solution is very dilute, jiartial hydrolysis also occurs, 
causing an alkaline reaelion. On the other hand, in concentrated 

N\ * 

“ micelles ” are formed by the union of anions 


solutions or 


with undi.ssoeiated molecules of the salt and po.ssihly with water 
inoleenles also. Thus, in a concentrated solution, ii, + ,c molecules 
of sodium palmitate may ionize to 

wNa’ and riP'.:rNaP.i/Hh). 


Kaeh complex anion or micelle carries «, electrons, and the high 
electrical eonduetivily is thus reconciled with the high molecular 
weight. 

{flocculation and Peptization. I’lie notion that the charging 
and ilischarging of colloid particles is caused by the adsorption 
of ions is due mainly to Hardy and to Ereundlieh,- but it has been 
greatly extended by Bancroft,-'' who has used it to interpret certain 
]ihcnonw>na which a few years ago appeared e.xli^mely jjuzzling. 

ft has long been known that the addition of a salt or electrolyte 
in large, quantities to a colloidal solution usually causes ^irecipita- 

' J. W. Mclinin, M. E. Laing, A, F. Titloy, M. Taylor, A. M. Buiitury and 
H. E. Martin, Tran.i. CImn. Soc. 105 (]»14),'417, 9(57; 113 (1918), 435 ; 115 
(1910), 1279, 1300 ; 117 (1920), 1.50(>. 

® H. Froundlich, Zaitsch. Phy/i. Chem, 73 (1910), 38,7. 

* W. D. Bancroft, J. Phys. Chem. 20 (1910), 85 ; Trans. Amer. Elecirochem. 
Soc. 27 (1916), 175, 195 ; 37 (1920), 65. • 
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tion, or flocciriatio^.” Yet, ofteil, the presence of a small 
quantity of a salt is, absolutely necessary for tl^e existence of a 
colloid solution. , Sometimes, for instance, when an insoluble 
precipitate'dit shaken up with water containing a small quantity 
of a salt or eleftrolyte, the precipitate breaks up, yielding a colloidal 
solution; the process, as has’already been mentioned, is called 
'* peptization.’,’ Occasionally, a s.alt which cijuses pepl^ation 
whbn present in a small quantity will produce flocculation when 
present in considerable strength. «' 

Consider first the process of peplizaiion. Freshly precipitated 
ferric hydroxide is peptized by ferric chloride; for some reason, 
the positive ferric ions (Fe"') are adsorbed more readily than the 
chlorine ions. The ferric hydroxide, therefore, acquires a positive 
charge, and is able to break tip into particles, which remain sus¬ 
pended as a stable colloidal solution. It i.s noteworthy that the 
hydroxide of any metal generally apiiears to have a special capacity 
for q^Lsorbing the ion of that same metal ; thus ferric hydroxide 
is peptized by ferric chloride, aluminium hydroxide by aluminium 
chloride, and chromium hydro.xidc by chromium chhiridc.* 

The reverse phenomenon of floccalaiion can now be considered. 
Jf a negative ion is added to the liquid which is strongly adsorbed 
b}? the positive colloid jiarticles, the charge on the particles will 
thereby he neutralized. The hydroxyl ion, for instance, is strongly 
.adsorbed by ferric hydroxide particles, and con.scqucntly if a trace 
of alkali is added to the, positive colloid solution of ferric hydroxide, 
]irccipitation at once occurs. This is without doubt due to the 
neutralization of the po.sitivc charge, h’or if, instead of adding 
the alkali to the colloidal solution, the colloidal solution i.s added 
to the alkali, so that the latter is always in excess, the colloid j>ar- 
ticles pass quickly through the neutral state and acquire a negative 
sign before time has been allowed for jirccipitation to occur ; the 
negative colloid jiroduecd is then perfectly stable. 

Although chlorine ions arc less readily adsorbed than the, fm:ric 
ions, yet if the chlorine ions arc present in considerable excess, 
sufficient ad.sorption ntay occur to cause electrical neutrality and 
consequent precipitation. Thus, by adding potastium chloride 
in modcrett^ contentralion to the positive ferric hydroxide sol, 
precipitation occurs. The addition of an equivalent amount of 
mercuric chloride, which is hardly ionized, has no such effect. 

In the precipitelion of positively charged colloids like ferric 
hydroxide, it is the adsorption of an anion which is the determining 


‘ J. N. Mujjherjeo, Trans. Faraday Soc. 15 (1921), Appendix, p. 103, brings 
forward the interesting view that " the fixation of a common ion is due to 
the same causes that brin^ about the growth of a crystal in its solution,” 
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factor ; on the other hand/for the flocoi^latiion' of negathl colloids, 
the nature of tl^e cation is of paranlount IjnportanceA In both 
cases, it is found that divalent ions are generally more effective 
than monovalent, and trivalent ions are generally nnfre^ effective 
stSl. Thus, in the precipitation‘of a negative wlloid such as 
arsenic sulphide, salts of calcium arc more effective than salts of 
sodiui^, but salts of aluminium arc more clicctive still^ It shflulA, 
however, bo pointed out that in many cases the adsorption of 
different monovaleni», divalent and trivalent ions differ greatly 
among themselves.® 

The dependence of the precipitation of a positive colloid upon 
the anion, and that of a negative colloid upon tlio cation, is shown 
by the following numbers.® They indicate, in the case of three 
dillerent salts, the equival(^nt concentration needed to cause the 
precipitation of two typical colUids. 


IVilasHiuin oliloiidr. 
I^otuHsiiuii sk4{;)uiIo 
Hiiriutn rhloridf' 


Concenfration needed to 
precipitate Arsenious 
Sulphide 

(Negative Colloid). 

. Hi*5 : 10^^ iiurniid 

. lo- 

. 0-()01 >. 10 * 


Concentration needed to 
precipitate Ferric 
Hydroxide 
(Positive GolloiJ). 

fl-Olt X 10“‘’iiormul. 

V 10-'' ,t 
l)l>4 ;< 10-=^ 


It. will be notic(Kl that, for the negaliir colloid, arsenipns 
snlphiilc, where the ratimi is of importance, the same order of * 
erpiivaiciit concentration is required with potassium chloride as 
with ])otassium sulphate ; but that, when barium chloride is used 
as the precipitant, a far smaller concentration sullices, the cation 
being in this case; divalent. 

On tile other hand, in the jnecipitation of ferric hydroxide, a 
podtivc colloid, the anion is of im])ortanee ; here barium chloride 
lias roughly tlie same precipitating power as potassium chloride, 
hut potassium sulphate, having a divalent anion, is a far more 
active ]ireci])itant. 

It is worth while at tihs point to call attention to tlic fact tliat 
t.frere arc two classes of ions whicli are o.s|iecially active in colloidal 
changes '• 

('i) Liijlil. wohile, moiwmlcnt ions like hydrioii (H') and hydroxyl 
(OH'). These are speeihcally adsorbed liy the,^uncharged colloidal 
substance, and confer their charges rqion it; thus thSy arc more 
active as peptizing agents than as flocculating agents. 

( 6 ) Polyvalent ions such as Ba", Al'", SO 4 '.', (Ee(CN) 4 )"" which 

* W. B. Hardy, Zeilsch. Phys. Okem. 33 (1900), .385. 

^ W. D. Bancroft, Phys. Chem. 19 (1915), 303 ; Trans Amer. EMrochem. 
Eac. 37 (1920), 55. 

® H. Ifroumllicli, Zeitsch. Phys. Chem. 73 (1910), 38G, » 

• N. Bach, J. Chim. Phys. 18 (1920), 61, > 
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are readily adsorbed hy charged colloid {^articles of opposite electri¬ 
fication, thus neutralizing tlfo charge. Such ionij.arc more active 
as flocculating agepts than as peptizing agents. ' 

It i.s n^/t4^^^orthy that when a colloid which owes its charge to a 
monovalent Km i.s treated with excess of a solution containing 
a polyvalent ion of opposite sign, the colloid is not merely deprived 
ef its charge', but in some cases a reverse charge js conferred upon 
it. 1 . Acooi’ding to Mukherjeo, this reversal of charge is rarely 
brought about by a monovalent ion.' t 

It will therefore bo understood why aluminium salts are so 
especially efficient in reversing the direction of mov'cment of gold 
or silver particles, and of the oil-particles in an oil-water emulsion ; 
in each case, the particles have normally a negative charge, but in 
the presence of aluminium ions this is converted to a jiositivo 
charge. , 

A very interesting phenomenon is the precipitation of one colloid 
by another. If the colloidal solution of positive ferric hydroxide 
i.s mixed with a solution of the negatively charged colloid, arsenious 
sulphide, in certain proportions, mutual adsorption occurs, and t he 
charge on each kind of particle, is neutralized ; consequently both 
colloids are almost completely precipitated.- 

On the other hand, the presence in a colloidal solution of a second 
colloid having the same charge .sometimes adds materially to the 
stability of the first. For instance, the pure colloidal solutions of 
the metals are very unstable, and are precipitated by a trace of 
almost any salt. But, if a little gelatine or gum is added, the 
metallic colloid is rendered much more stable; apparently the 
particles of the organic “ protective ” colloid coalesce in some 
way with tho.se of the metal; the protccti\’e colloid can be regarded 
as a peptizing agent. 

It bas already been pointed out that the same salt may cause 
peptization in dilute solution and flocculation when present in 
greater concentrations. Bancroft gives the following interjifc- 
tation to this rather remarkable fact.t In dilute sohit-ion, where 
there is relatively' little adsorption, the most easily adsorbed ion 
alone attaches itself to the colloid, which thus acquires a charge; 
peptizatiop, therefore, occurs. In a more concentrated solution, 
however, conditions become favourable for the adsorption of the 
opposite ion also, and neutralization of the electric charge results, 
with consequent, flocculation. 

* J. N. Mukherjee, Trans. Taraday Soc, 16 (1921), Appendix, p. 106. 

* Cases of this sort aro well diseussed by W. D. Bancroft, " Applied Colloid 
Chemistry," 1021 edition, pp. 22.5-227 (McGraw-Hill). 

“ W. D. Bancroft, J. Phfis. Chem. 20 (1916), 102, 103. 
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It is interesting to note tlvtt cases of pr^cipitaltion by ihfeans of 
electrolytes are known in true suspensfons ; some fine clay is 
shaken np witfi water, and a salt is added, the day particles an^ 
caused quickly to settle to the bottom. It fx found tlairf tte salt 
of a divalent metal such as calcium chloride is much nj!)ro effective 
than sodium chloride, whilst a .salt of hluminium, a trivalent metal, 
is an evop more pojverful precipitant; aluminium sqlphate causl'.s 
the clay particles to settle even when present in quite a low cmiocn'- 
tration. • 


The Production of a Colloidal Solution. It is now jjossiblc 
to consider some, general methods of producing a colloidal solution. 
It i.s right, howevfw, bedore di.scussing this subject, to point out 
that many cmvJmd colloids, for instance, gum arabic, dissolve 
in water, or in some other solveiit, without any particular trouble. 
In such (uis(^s, it seems probable thatAho solution produced possesse.s 
typical " colloidal " ))ropcrtics simply bccau.se the molecules of the 
dLs.solvcd s\d)stancc arc large and will not diffuse readily. Thfn^ 
is no need (o discuss in detail the mclhod of di.s.solving such suh- 
stances, .since»the method differs l)ut little from those cnqdoyed- 
to obtain a solution of an ordinary salt like sodium chloride. 

1!ut the colloidal .solutions which arc of jiarticular importance 
in inorganic chemistry arc solutions of substances which, under ' 
ordinary cimiinstances, are sniireh/ mlahh id all ; these sub.stances 
can- under certain special conditions—he brought info a state of 
very line suspension so as to produce a colloidal solution. In the 
production of such (xtixpcDsoid) colloidal solutions, it i.s clearly 
necessary to adopt a s))ecial procedure and to observe certain 
precautions- just as in the [crejiaration of a mijuriiidumled, .solu¬ 
tion of an ordinary solul)le salt like sodium sulphate. 

Ill order to obtain a colloidal solutioic of a hydroxide, or some, 
iiorinally insoluble .salt, there arc two courses ojm'ii. VV'e can either 
start with the solid iusoluhlu form of the sidrstauee, and reduce it 
to fin' colloidal condition by suitable treatment, for instance, by 
the addition of a peptizing agemt, or even by meehanioal grinding 
or eleetrie disintegration. We may call this the method of dis¬ 
persion. Allcfnatively we can start with a soluble .salt in the 
molecular^ttate, e.g. in normal acpieous .solution, and, eitlief by tlic 
interaction of another solution, or by other moans (e.g. hydrolysis), 
convert it to the insohihlc substance required ; but the conditions 
must be so regulated that a precipitate—in the iiccepted sense 
of the word— is not produced, and the sub.stance remains suspended 
as particles of colloidal size ; the latter method may be styled the 
method of controlled condensation. ’ 
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(1) iffethod of Dl&p^rsion. If fftwic hydroxide is shaken up 
with a little dilute ferric chloride, a dark red-bjown coUoidal solu¬ 
tion is obtained.* The solution is fairly stable in presence of ferric 
chlori(fo,W»d a certain amount ferric chloride can be removed 
by dialysisbut if too mudi is removed, the solution becomes 
imstable and the precipitatfc of feri'io hydroxide settles to the 
* bottom. As ,has already been mentioned, thp colloidal^ solution 
can be regarded as containing a complex basic chloride, but not a 
basic chloride of any definite compositioR. 

Similarly (diromic hydroxide is peptized by sodium hydroxide, 
yielding a clear green solution. But the chromic hydroxide par¬ 
ticles can be separated from the sodium hydroxide by passing the 
.solution through a suitable filter; or, alternately, if the clear 
solution is allowed to stand for some time, it becomes cloudy owing 
to the formation of a visible»prceipitate of ehromium hydroxide. 
After some months practically all the hydroxide present has settled 
to,t.hc bottom as a green precipitate and the liquid above is nearly 
eolourle.ss.i 'rhi.s has been interpreted as showing that the green 
, liquid is a colloidal solution, and that a definite soluble “ chromite ” 
is not present in any great quantity. 

The peptization of aluminium hydroxide by acetic acid i.s of 
'interest,2 because here it .seems pos.sible to obtain either a colloidal 
solution or a true salt solution, under dilTcrent conditions. When 
freshly precipitated aluminium hydroxide is treated with fairly 
dilute acetic acid (about 8 per cent.), it appears to pass into solu¬ 
tion ; but on adding hydrochloric acid to the liquid, a precipitate 
is at once produced. The liquid appears, therefore, to be a colloidal 
.solution of aluminium hydroxide in acetic acid ; it can, of course, 
be looked upon as a basic acetate, but an acetate of indefinite 
composition, and containing far Ic.ss acetic acid than would be needed 
for the normal aluminium acetate. On examination of the solution 
in the ultra-microscope, colloid particles may be .seen. 

On the other hand, if aluminium hydroxide is treated wtith 40 
])«• cerit, acetic acid, normal salt-formation takes place, and the 
solution apparently consists of ordinary aluminium acetate ; under 
such circumstances, hydrochloric acid yields no preoipitaie when 
added <to the Solution. • 

Although the precipitated hydroxides of aluminium or iron arc 

* C. F. Nageb J. i’hys. Chem. 19 (191.^), 0B9 ; W. 1). Haiicroit, Trans. Jmcr. 
Elecirochem. Soc. 28 (1915), 351, On the otlier hand, evidence of the existence 
of “ chromites " has been put forward by .T. K. Wood and V, K. Black, Trans. 
Chem. Soc. 109 (1916), 164. The controversy is, of course, largely one of 
nomonclamre. 

2 W. B. Bantlev and R. B. Rose, J. Amer. Chem. Soc. 35 (1913), 1490. 
Compare also II. B. IVctser, ,7. Fhys. Chem. 24 (1920), .505. 
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most easily peptized by mea3s>of a trace of of by a solSlblc salt 
of the metal in question, yet—if they areVashetJ quite free from the 
precipitant- the hydroxides arc capable of being peptized by pure 
water. This fact—-which is the cause of oejasioual aiifivyJncc in 
cheioical analy.sis- has been made the basis of a mekfiod of pre¬ 
paring the “sols” of ferric; and aluminium hydroxides.^ If for 
instance ^ ferric chloride .solution is treated with anynoma (cxeefti.s • 
being avoided), and the precipitated ferric hydroxide is thorc/ughly 
washed with water in a centrifuge; of special construction, stable 
sols which are almost free from chlorides arc obtained. I'rosumably 
the peptizing action of water depends on the preferential adsorption 
of hydrogen ions over hydroxyl ions, although this fact does not 
appear to he definitely cstaldished. 

The ])rcpai'ation of colloidal metals by tlie “ arc ” method, which 
is described later, is another example of a dispersion method. Jt 
is also po.ssibh; to obtain colloidal solutions by a process of mechani¬ 
cal grinding.- 

(2) Method of Controlled Condensation. It i.s well known 
to the, analytical idicinist that there, are certain conditions which- 
must be avoided if a sui;(;c,s.sful precipitation of a sparingly soluble 
salt is to be brought about. The pre.sence of certain substances 
arc known to interfere with the formation of a juecipitatc, or to'*' 
caus(; the jjrecipitation in so fitie a form that the stibstance fails to 
settle and passes through ordinary filter-paper. Such substances 
include sugar, gelatine, dextrin, rubber, albumin, and many of the 
constituents of organic tanning-materials.-' The presence of sugar 
prevents the precipitation of ferric hydroxide wliich would normally 
occur on the addition of ammonia to a ferric'salt solution; it likewise 
prevents the precipitation of silver chromate l)y the interaction 
of a soluble silver salt with a soluble chromate, a red liquid being 
j)rodu(!ed which oidy slowly becomes cloudy. Gelatine interferes 
with the precipitation of silver iodide by the interaction of silver 
nitrate and pota,ssium iodide. 'I’he reason for the absence of pre¬ 
cipitation in the presence of tliese substances may vary ; in some 
cases, perhaps, it may be due to the inereasi-d viscosity of the 
solution ; in other eases, it may Im; due to the formation of definih; 
complex ibns ; but, in many cases, it is necessary to Regard Mio added 
substance as a peptizing agent or a “ protective colloid,” which 
combines with the compound whilst it still exists as separate par- 

» 

' R. BradfioM, J. Amer. Chem. Soc. 44 (1922), 965. 

* G. Wegelin, KoU. Zeitsch. 14 (1914), 65; H. Plauson, Zeiisch. Angew. 
Chem, 34 (1922), 469, 47:1. 

* C. A. Lobry do Bru)^, Ber. 35 (1902), 3079. See also N. *G. Chatterji 
and N. R. Dhar, Trans, Faraday Soc. 16 (1921),•Appendix, p. 122. 
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tides dir colloidal' siiic, /ind preventsl,thcsc particles from uniting 
to form a “ prccipitrate ” ifi the ordinary sense »f the wordA 

In some casorf, one of the reacting substances appears to play 
the pat-t Vof a peptizipg agent. If a solution of arsenious acid is 
poured drop by drop into a solution of hydrogen sulphide, thpough 
which carefully purified hydrOgen sulphide gas is allowed to bubble, 
a 'yellow colhiidal solution of ai'senious sulphide is obtaiyed ; the 
partides possess a negative charge.^ But if an acid or a salt is 
prc.scnt in the solution used, a preeijiitato i^ obtained instead of the 
(iolloidal solution. No doubt, in the ab.scnce of a flocculating 
electrolyte, the (HS)' or S" ions of the hydrogen sulphide arc 
adsorbed by the colloidal particles, conferring upon them a negative 
charge. 

Generally s|)eaking, the presence of salts in solution, and the 
heating of the solution, enables the analyst to avoid the formation 
of colloid solutions. Nevertheless, cases do arise in analysis where 
thy precipitation is aj)t to be incomplete, or where the precipitate 
produced is a sticky semi-.soluble one, whi<'h [auietrates into tiu! 
-jiores of the tilter-paper, and causes them to becomp blocked. In 
such cases, a slight knowh'dge of (sriloid chemistry may be of great 
help to the analytical chemist. 

"■ A very interesting ease of a ditfen'iil diaracter ocmirs when silver 
nitrate and sodium chlori<1e are mixed in dilute solution.^ If the 
two .salts are present in erpiivalcnt jiroportions no colloidal solntion 
is formed. But. if either constituent is in e.xeess, although the 
solubility limit of the silver chloride is actually dimini.shed, a col¬ 
loidal solution (or line suspension) of silver chloride is obtained. 
If the sodium chloride has been added in exce.ss, the colloidal 
particles move, on electrolysis, to the anode, having adsorbed Cl' 
ions : on the other hand, if the silver nitrati^ has been added in 
excess, they adsorb ,\g' ions, and move to the cathode. 

The production of a " .sol ” of ferric hydro.xidfs by the hydrolysis 
of a ferric salt solution, accompanicfl iiy dialysis to remowj tlu^ 
hydrochloric acid formed, is another''example of a method of “ con¬ 
trolled conden.sation.'’ In general, neutral .solutions of salts of tin! 
heavy metals yield, as tlu^ r<'sult of hydrolysis,«<hydro.\adcs in 
particlev of colloidal size : but if the solutions are concentrated 
and especially if certain flocculating electrolytes arc present, the 
particles often join together to form aggregates and a visible pre¬ 
cipitate is predu6ed. The preparation of hydroxide “ sols ” by 

^ Compare S. Od6n, Sverifth. Kan. Tidfikr. 5 (1920), 74 ; abstract, J. Chem. 
Koc. 118 (1920), 600. 

^ H. Freimdlich, Zeit^ch, Phys. Chem. 44 (1903), 129. 

^ A. Lottermoser, J. t^akl. Chem. 72 (1906), 39 ; 73 (1906), 374. 
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hydrolysis and dialysis is usr^lly a slow profjsss, ljut thejdialysis 
is greatly hastenee], if coudtictcd at an tle^atcd temperature (75- 
80° 0.) A • ■ . 

Colloidal Solutions of the MetalsA The preljara^i^n^f the 
colloidal solutions of the metallic ehunents Requires rqther special 
discussion. It is possible to start withiinctal in the form of ordinary 
wire or rod, and to convert it to the colloidal state by Bredif*'s method . 
of electneal disintegration.^ If two gold wires fire coniieete^ 
to a battery or dynanio,yielding 30 40 volts, and are brought elo.se 
together beneath the surface of very |)Hre water, so that an “ are 
is struck between them, the liquid acquires a, blue or j)urple-red 
colour. 'Phis is a sign of the disintegration of the gold poles, 
caused by the. heat of the discharge. It probably occurs mainly 
through volatilization followed by condensation of the vapour 
in the water', but prrrtly rrlso by th^' detaching of molten drops of 
metal frorrr the hot tips of the wire ; these drops solidify to form 
globules, whidi are considerably larger than the particles formed by 
the condensation of gaseous metal,* When the solution is examined 
under the nltra-nricroseojrc, colloidal particles <rf gold can be 
observed. Tlfe ])artieles havrr a negative charge, for they move* 
towards the airrrdtr when rrn K.M.F, is applied to the solution. On 
adding a salt or acid to tinr solution, a dark precipitate is generalbt,.^ 
obtained, \vhich consi.sts of finely divided gold. 

If in the place of gold, silver' poles are used, a grey or reddish- 
brown solution of colloidrd silver- is [rrepared ; by the cmployirrent 
of platimrrrr wire, a dar'k brown colloidal soirrtion of platinum is 
obtairred. By the itse of k'itd or zinc wire, these metals also can be 
])re|)ar'ed in the colloidal state, brrt the pr'e]):tr'atiorts very easily 
srtffer oxidation. 

In these solutions, the colloidal |)artieles are sorrretirncs negatively 
charged, sornetirrres jrositively chrrrged. Since they can be formed 
in water practicrrlly fi'ce fr'onr salts, it is likely that they owe their 
(!harj»(' to adsorbed hydr-oxj'l ioirs or hydrogen ions obtained froirt 
the water itself. It is notewoj'thy, however, that in various eases, 
the. presence of a very small anrount of alkali (for instance, 0-001 
rrortrrrrk oorree^fr-ation) is favourable to their formation, w'hilst 
irr other igtses traces of rteid, or even of chlor'ides ir^tlre water, is rrn 

■ M. Neidlo and J. Bai-nh, J. Amrr. Cl,nil. Soc. 39 (I!)17), 71. 

^ iSoo It. Zdigmoiidy, “ (.’Ireini.sti-y r)f (rnileids " ; Ij'anslation Iry K. B. 
kpear (Chapman ami Hall). . 

^ G. Bt'oclig, Zeitsch. Anfjnv. Vhem. (181)8), 951. * 

* Th. .Svetlberg, “ Koi-matien of Colloids ” (Churchill) (1921). Other 
views are expressed by C. Benedicks, Kull. Chem. Beiliefk’, 4 (1912-13), 229. 
Coinpanr.T. Mukliop,thya}'a, J. A imr. Chem. Soc. 37 (1915), 292 ; H. T. Beans 
and H. K. Easllack, J. .liner. Chem. Noc. 37 (1915), 2907 ; V. l♦ol]!3ehuttcr, 
Zeitsch. Jilel.lrocliem. 25 (1919), 309, • 
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advantoge in tlfo preparation. But solutions obtained by the 
arc method are in all case* extrenleiy tinstablo,; and the addition 
of electrolytes ip quantities exceeding the minute'traces just in¬ 
dicated ipijy cause a colour-change in the solution, and if present 
m still larger amount may throw down a brown or blackish pre¬ 
cipitate of the metal in question; the solutions are indeed likely 
te- deposit a precipitate when stored, owing to the accidental access 
qf traces of salts. * 

Metallic colloidal solutions are also prodweed by reduction of the 
solutions of soluble salts; by treating gold chloride solution con¬ 
taining sodium carbon.ato with formaldehyde, the chlorine is re¬ 
moved by the formaldehyde and an intense red solution of colloidal 
gold is obtained. This form of solution can be preserved for some 
months if precautions are taken to prevent the access of flocculating 
electrolytes ; in preparing it, (or example, it is advisable to avoid 
the use of soft-glass flasks or stirring-rods. ^ 

When a little sodium chloride is added to a red solution of gold, 
the colour is changed to blue ; the colour change is due to a partial 
flocculation, the minute particles of the original red solution uniting 
together to form larger “ secondary aggregates.!’ if the concen¬ 
tration of sodium chloride becomes great, a dark precipitate of 
dnoly divided gold is produced. Zsigmondy, who has studied these 
gold sols m great detail, lays great stre.ss on the distinction between 
the primary particles, which arc present in the red solutions, and 
the .secondary aggregates present in the blue solutions. The former 
are thought to be massive, whilst the aggregates are loosely assem¬ 
bled and threaihsl by channels containmg the liquid. A similar 
process of aggregation jjfobably takes place during tin* flocculation 
of colloidal solutions of other .substances, as well as during fhc 
setting of a gcl.- 

Other salts when added to gold sols bring about the same change 
from red to blue; the union of the gold particles to form larger 
aggregates is explained by the fact that the salts in question pause 
partial or total neutralization of the^charge on the colloid particles. 
Strontium chloride, for instance, has been shown first to reduce, 
then to neutralize, and finally—if added in larger amounts—to 
reverse the change of the gold particles ; the colour cha,pges from 
red to blue before the iso-electric point is reached.'' Where, how¬ 
ever, a “ protective ” organic colloid, such as gelatine or gum, is 
added, the colloidal solutions of metals often become quite stable, 

* C. Thomao, J, Prakl. Chem. 80 (1909), 618. 

^ See B. Zsigmondy, “ KoUoidchemie ’’ (Spamer). Al.so R. Zsigmondy, 
ZeUecJi. PhffS. Chem. 98 (1921), 14. 

^ B. Zsigmondy, Zeitntjt. EhklroeJiem. 23 (1917), 161. 
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and comparatively large quaijtities of salts' Ve, added-(Without 

causing any effect. Certahi* siAstancc.'i, obtained by the action 
of sodium hydsoxide on egg albumin, known as sodjum protalbinate 
and sodium lysalbinato, liave proved of considerable sery,jcq,in the 
preparation of colloidal solutions qf mctais ; they ^aro usually 
employed in connection with hydrazine hydrate as a reducing agent. 
By adding hydrazijjio hydrate to a solution of a metallic’ salt con- , 
taining .4bdium lysalbinate, stable colloidal solutions of platjnuu^, 
palladium and iridium,have been produced ^; the solutions can 
be freed from salts by dialysis, and can be preserved without fear 
of spontaneous decompo.sition. In most cases no precipitation is 
produced even when concentrated sodium chloride is added to the 
solution. Indeed it is possible to evaporate the solution to dryness, 
and obtain the protected colloid in a diy fc.irm, which n'adily dis¬ 
solves again in water, giving the colloid solution. 

In the.se “ protected ” colloidal solutions, the metal seems to 
exist in union with the particles of the organic colloid, and the 
solution in some ways possesses the properties of the organic colloid 
rather than of those of the metal in que.stion. 

Colloidal scflutions of the metals have considerable activity as 
catalysts. A small amount of colloidal platinum will bring about 
the decomposition of hydrogen peroxide, and colloidal palladium,,^ 
will aid the combination of hydrogen with unsaturated organic 
bodies. A certain amount of interest both practical and theo¬ 
retical—attaches to the question as to whether (he “ protected ” 
solution will be a more active or a le.ss active catalyst than the 
unstable unprotected colloid. The. evidence available - appears to 
show that if a protective colloid like gum arable is added in small 
amounts to a palladium chloride solution, and if sul).se(|uently 
hydroxylamine is added to reduce the palladium to the imiallic 
condilion, (he colloidal solution obtained may Ik' a more active 
catalyst than if the gum arabie were omitted ; no doubt the gum 
acts as a peptizmg agent causing the palladium to remain in small 
particles, which present a large surface area- a condition evidently 
favourable to catalysis. If, however, an undue amount of gum has 
been a^Jded, tljp catalytic activity is again reduced ; probably the 
gum tend|'-under these conditions—to reduce the qotive palladium 
surface, by covering it up. It appears, however, that wlien gum 
or gelatine is added to a colloidal solution of platinum after the 
reduction to the metallic state, the catalytic activity of the platinum. 


1 C. I’aal ami C. Arabergor, Her. 37 (1904), 124. According to R. A. 
Gortner, J. Anier. Ghem. Soc. 42 (1920), 695, tho protective value of pro- 
tolbinates and lysalbinates is greatly inferior to that of ordinary gelatine. 

- E. K. Kideal, J. Armr. Chem, Soc. 42 (1920),74^. 
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as dettWfnined by. rate of decomposition of hydrogen peroxide, 
is always reduced.* ^ » i *'» ^ 

Many other Cjise’s are known in which a metal ds produced in 
partich's/)! coKoidal size. When solid silver chloride is exposed 
to light, it ijndergoes 'a partial decomposition and acquires a violet 
colour, which is believed to be due to the presence of colloidal 
silver particles dis])orsed through the mass of unchanged salt. 'I'hc 
colour varie.s'with the conditions and v\ith the ])re.sence'of other 
substances—a.s is wcdl known to photogr;ipher.s. 

When molten metallic hard is added to molten lead chloride, the 
ma.ss becomes dark owing to the appearance of mimite globules 
of metallic lead ; the phenomenon is known as a “ metallic fog.” 
When the lead chloride is allowed to cool, the crystals produced 
are still transluccjit, but are dark aiid cloudy owing to the presence 
of lead particles of colloidal size dis]X‘rsod through them." The 
particles can be seen by means of the ultra-microsco])e. 

Another ca.se in which colloidal ])articles of a metal arc tlispersed 
tlrtough a rigid substance is that of ruby glass, the colour of which 
is due to colloid particles of gold (or, in one variety, cojjpcr) similar 
to those present in the red colloidal solutions of gold df scri bed above. 

Gels. It has been pointed out that tli.e majority of the inorganic 
-substances which—under special conditions can lx; obtained as 
'■ susponsoid ” sols are substances which, under ordinary circum¬ 
stances, are insoluble and unaffected by water. Many organic 
“ emulsoid ” colloids, however, notably gelatine, suffer a great 
change if brought into contact with water. .Solid gelatine, for 
instance, swells when placed in water, forming a j(.‘lly or “ gel ” ; 
on warming, the gel ” li(jueties, yielding a “ sol,” but when the 
“ sol ” is again allowed to cool, it once more sets to a “ gel.” The 
interesting feature of setting is that the whole volume of tin. “ sol ” 
reverts to the gel-form ; under ordinary circumstances, no free 
water is left behind after the setting. 

Gels are met with in many metallic compounds ; but since 
nearly the whole of our knowledge of the character of gels is \)ased 
on the study of organic colloids, it is necessary to take most of our 
(.xamplcs here from organic chcjni.stry. 

The gel, or j<illy, has many of the propertie.s of a solid^ although 
the rigidity varies very much according to the proportion of colloid 
present, and usually varies somewhat with “ age.” Very dilute 
solutions of gelatine do not actually set to a jelly, although they 
become very viscous when cooled to ordinary temperatures, the 

* T. Iredale, Trane. Chem. ^ioc. 119 (1921), 109; A. do (.1. Rocasolnno, 
Pomptes Rend. 173 (1921), 234. 

“ K. l.oronz and W. ICitol, Zritm-h. .Anorij. Chem. 91 (191.')), 40. 
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viscosity increasing with the t^nicA itfvt'p in^ a concentrated 
solution the passjige froni’fho* viscous,“ iol ” to the solid “ gel ” 
is a somewha* gradual one. If the change in a. gelatine solution 
be followed by means of viscosity measurements, it iij |oiind that 
thoyiscosity—which rises slowly for.a time- *'after'.var(^s comThcnces 
to rise comparatively quickly, and .the tiinii at which this quick 
rise occurs may Ijc regarded as the time of “ setting.’*^ • 

The Absorption of water into gelatine during Ihe process pf 
swelling recalls to min^ the taking up of water by a sponge. Since, 
as we have soon in Chapter V, ions can move through a jelly under 
the influence of an electric current, almost as readily as through 
liquid water, it would appear that there exist continuou.s liquid 
channels, or pores, throughout the whole volume of any jelly. On 
the other hand, the comparative rigidity of a, jelly, and its familiar 
[lower of “shimmering”- that is,^of [lerforming elastic vibrations 

suggests that there is something in the nature of a continuous 
solid fr’amewoik.'' This leads us to ))os|,ulate a “ two-phase ” 
strueture, comparable to that of a s|)onge or honeycomb ; aecSrd- 
ing to this view, a. solid framew'ork built up of colloid particles in 
clo.se union iS threaded by continuous channels containing a liquid 
phase. 

At the same time, it should be remarked that many physicist*;, 
adhere to the view' t hat a gel is a homogeneous (one-j>hase) material. 
There is no need to ('liter into this controversy, which is mainly 
one of definition. It has already been I'xjilained that a colloidal 
solution stands midway between a true solution (a one-phase 
system) and a coarse suspension (a two-phase system); in just 
the same way a gel must be regarded as intermediate between a 
homogeneous (onc-|)hase) glass and a two-|)hase sjiongc or honey¬ 
comb, the dimensions of the walls and ehannels being of the .same 
order of magnitude as those of eolloidal [lartieles. 

As already stated a gel can be obtained (I) by the sellinr/ of a 
sol and (2) by the sv'dlimf of a diy colloid. It is conienicnt to 
consider these processes separ'itely. 

The Process of Setting. 'J.’hc process of the setting of a sol 
to a gri has Itf-en studied under the ult.ra-micro.seope.* The results 

• C 

^ C. E. Davis, Iv 'r. Oakes and \l. H. Browna, J. Aimr. ('hein. Soc. 43 
(1921), 152C. Somotiinos iho viscosity after reoching a maximum begins to 
(Jecreaae again, but this is duo to putrefaction. 

^ Compare A. 0. Rankino, Trauft. Faraday Soc. 16 (W21),Appendix, p. 54. 

* The elastic properties of gols are studied in detail by S. E. Sht.'ppard, 
and S. S. Sweet, Amer. Ghtm. Soc. 43 (1921), 539. 

^ W. Bachmann, Zeitsch. Anorg. Chem. 73 (1911-12), 125. Compare 
W. Mentz, Zeit.Kh. PhijM, Chem. 66 (1909), 129; H. Zsigmondy, Eky.f. Zeitsch. 
14 (1913), 1098. K 
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observcfli arc not ,vc^y !;asy to mterjgrot, especially since in many 

cases—notably in gelatine, solutions--"the typical particles are— 
in the initial stages of setting—too small to be observed. The 
observatii^ns, hb’wever, appear to indicate that the colloid particles 
unite‘togctlyir during the setting process, and that the prpeess 
continues as the gel ages. More delinite evidence regarding the 
structure nf gels is to be observed in the gels of soap <and of fibrin.^ 
I.u such gels it is apparent that the colloidal particles have united 
together in strings to form fibrils and filaraepts. Probably the fila¬ 
ments actually observed in the ultra-microscopc arc only the ex¬ 
ceptionally big ones, the typical filaments that make up the jelly 
being too small for detection. However, the presence of these 
visible fibrils does seem to indicate the tendency to form a 
filament structure during the process of " setting.” 

It is probable that the ultimate constitiK'iits, i.e. the colloid 
particles of the gel, arc the same as those of the colloidal solution ; 
but, whereas in I he colloidal solution they move about independently, 
and display Brownian movement, in the gel tlu^ ])articlc.s have 
gathered into threads or networks of comparative stability ; it is 
this network stnudnre which apparently canses tlb^ mechanical 
and elastic properties of the gel. “ Biwvnian movement ” appears 
rf'.ever to be observed in a soap solution after golatinization has .set 
in 2 ; in a gelatine solution, as setting takes place, the free “ trans- 
latory ” movement (Brownian movement) is gradually replaced 
by an oscillatory movement about fixed points, and tliis oscilla¬ 
tory movement diminishes in ainplitud(! .as the setting proces.'-- 
continues.* 

Apart from questions of mechanical rigidity and elasticity, the 
properties of a “ gel ” and a “ sol ” arc extremely similar. L,aing 
and McBain have compared the pro])ertie.s of a <!crtain soap (sodium 
oleate) in the “ gel ” and "sol” forms, and have found them to be 
identical in conductivity, refractive index, concentration of .sodium 
ions and osmotic activity- a striking ])r!)of of the ultimab^ similarity 
of a “ sol ” and a “ get” ^ 

On the other hand, they con.sidcr that a soap “ curd —such 
as is obtained on cooling a hot concentrated solution of the soap— 
is essentially di(Iorent from a “ ge.l ” ; a curd is the result of the 
“ crystallizing out ” of the .soap in the form of long fibres which 
interlace producing a felted ma.ss; the space between the fibres 
is filled with the saturated solution, with which they are in equili- 

* J. O. Wakelin Rarratt, Trans. Faraday Soc. 16 (1921), Appendix, p. 49; 
Biochem. J. 14 (1920), 49; W. F. Darke, .1. W. MoBain and C. S. Salmon, 
Proc. Hoy. Soc. 98 [A] (1921), 399. 

* M. E. Ruing and J. \V. McBain, Trans. Chem. Soc. 117 (1920), 1517. 

* See W. Bachmann, 7eUsck. Anorg. Chem. 73 (1912), 144. 
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brium. The individual fibres may be mai^y fcnlipietres 56ng, but 

are often of barely microsofipio'diarneteff. * 

Analogy between Setting and Crystallization. There seems 
little doubt that gclatinization is governed by many ^f'tbe same 
general laws as is erystallization. Celatinlifation apj^'ars to’ start 
from nuclei, for a gelatine solution sets more (juickly if solid gelatine 
is added to it. Indeed a case has been described in which a “ gel ” . 
after .setting was found to have the polygonal structure characteristic 
of ca.st metals ' ; it is difficult to avoid the conclusion that, in such 
a gel, the setting has commenced at definite points within the liquid 
and spread outwards until the jelly mass advancing from one point 
has come into contact with that advancing from another, jrroducing 
the. well-known polygonal structure. 

It is po.ssiblc to push the analogy further and to apply von 
Weimarn's principle to the cas(i of gclatinization. In the last 
chapter it wa.s exiilaincd bow, in the ])reciiiitation of a sparingly 
soluble salt, a high dcgi('e of suiiersaturation leads to ])recipitation 
(tommeneing at a large numljcr of points, producing a litre preofjti- 
tate, whilst :i. low degree of supersitturation leads to a coarse pre¬ 
cipitate. SoTtlso, in the setting of a concentrated gelatine solution, 
gclatinization appears to commence tit innumerable poinis close 
together, hut when it diliiti' gelatine solution (tt-I ))er cent.) i.% 
allowed to eva))orate spontaneously at ordinary temperature, 
gclatinization commences at comparatively few points, and we 
obtain scjiarate spherical grains large (‘iiough to he. distinguished 
under the microscojte.- 

It is, however, illogical— in the opinion of the jtresent writer— 
t.o assume that because gclatinization obeys the same qualitative 
laws as crystallization, it should be regarded as a species of crystal¬ 
lization. It w'onld indeed be very strange if von VV’eimarn’s prin¬ 
ciple did not extend to all changes which spread from a nucleus 
outwards ; the chance of the spontaneous |)roduction of a nucleus 
at anji given point- in a .soluthm is increa.sed as the solution becomes 
more and more supersaturated, ami we may expi'ct the number 
(.if nuclei ])roduced in 1 c.c. of liquid to increase as the sujiersaturation 
is inerjiasod. Jlhis argunnmt is (|uite independent, of the nature, 
of the clninge, and will hold good whether we ijappose erystal¬ 
lization and gclatinization to be identical phenomena or* distinct 
phenomena. 

In the opinion of the present writer, gelatinization is ?tot a form 
of crystallization, but consists in the joining up of the primary 
colloid particles in interconnected strings so as to form a continuous 

‘ W. B. Hardy, Proc. Roy. Soc. 87 [A] (1912), 29. • 

‘ S. C. Bradford, Trans. Faraday Soc. 16 (19^), Appendix, p. 44. 
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network^ Of course Ahe view tliat gplatinization is distinct from 
crystallization in no way excludes the possibilitj' that the coUoid 
particles themsdvfis may have a crystalline character, as is un¬ 
doubtedly/ cn certain colloids, the case. 

The Process of Swelling; The second method of producing 
a gel—by ^placing the dry colloid in a liquid, and allowing it to 
' “ swell ” —ha,s also received careful study. ^ tlclatine swplls to a 
gleateV volume in acidified water than in water containing a neutral 
salt; it is also swollen by alkalis. If the swelling powers of different 
acid, neutral and alkaline solutions arc compared, the minimum 
swelling is found roughly to correspond to the “ i.so-clcctrio point.” ^ 
Since peptization is also at a minimum at the iso-elcctric point, it 
follows that swelling is closely akin to peptization. Swelling 
agents, like peptizing agents, are those which cojifer a charge on 
the colloid—no doubt through filie selective adsorption of a positive 
or negative ion. But whereas in peptization the colloid breaks up 
an^ becomes di.spersed throughout the solution, in ” swelling ” 
the solution em])loycd is absorl/ed into the interior of the colloid 
-mass, which visibly increases in volume. The factor that appears 
to decide whether swelling can take place without jieptization is 
presumably tlui cohesion of the colloid substance. Gcl-forming 
“Substances—glue, rubber, isinglass, silicic acid arc all substances 
of high cohesion. Thus in gelatine, which has already become 
swollen through the absorption of a quantity of water- -although 
the different particles have been to some extent forced apart from 
one another by the water—they remain linked up as strings or 
networks of sufficient strength to confer rigidity and elasticity on 
the jelly. On the application of heat, the thermal agitation causes 
the strings to break up ; the jelly loses its rigidity and a colloidal 
solution is formed ; but the attractive forces between the particles 
do not vanish completely, being resj)onsible for the high viscosity 
of the liquid. 

In the swelling of rubber by organic liquids (chloroform, heiwenc, 
etc.) the swelling may covitinue until a point is reached at which 

* H. K. IVoctcr, Trann, Sor. 105 (1014), 0111 ; ./. Iloy. Sor.^Arlu. 66 

(1918), 747 ; 'Trans. Fnrarhiy Sac. 16 (1021), Appendix, p. 40 ; H. K. Procter 
and J. A. 1 Vilson, 'j'rans, ('turn. Foe. 109 (1910), 307. 11 lies oulsitie tlic scope 

of this book to consider the mechanism of swelling, and tho application of tho 
so-called “ Donnan equilibrium.’' Those interested should consult the 
references just given and also F. G. Donnan and A. B. Harris, Trans. Chern. 
Soc. 99 (1911), IrnA'. See also .T. Loeb, J. Om. Physinl. 4 (1922), 351. 

2 D. .J. Lloyd, Biochern. ./. 14 (1920), 152. See e.specially Fig. 4. Also J. 
Loeb, Trans. Faraday For. 16 (1021), Appendix, |>. 153. Compare C. B. 
Smith, ,7. Atner. Chem. Foe. 43 (1921), 1350, wiio finds that the osmotic 
pressure ofai gelatine '' sol ” (and probably thnt of a gelatine gel ”) is a 
minimum at the iso-6lectr,ic point. 
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the cohesion of the "gel va;ai.)hes and the,wllDlo breaks i!p into a 
colloidal solution.* The volume to wlfich a ^ven mass of rubber 
will swell before breaking down appears to bo rou^jhly independent 
of the liquid absorbed ; presumably tht! jjoint at whi»li*tjie gel 
changes into a sol represents the {)oint at which the maximum 
strength of the distended strings of particles is exceeded, and they 
lireak asunder, t 

Gelatinous Precipitates. It; has already been sugge.sted thni, 
when an aqueous sol '^sets ” to a gel, the gclatinization generally 
starts from nuclei within the liijuid, just like the crystallization 
of a molten metal, and extends outward from these points until the 
whole of colloid is in the gel-form. If the original coneeirtration 
of the colloid was high so that the whole of the water present is 
included within the gel produced the jelly growing from one 
nucleus will meet that growing ft*om another, and .so the whole 
liquid will" at the end turn to a single coherent mass of jelly. 

If, on the other hand, the concentration of colloidal substajaoe 
is low, there will still be water between the gelatinou.s masses, 
w hen the wh#!>le of the colloidal substance has passed into the gel-* 
form. In such a ease, the masses of gel hwmed sink to the bottom 
as an incoherent gelatinous precipitate, clear liquid remaining 
ahovc." 

The gradual passage from a true jelly to a gelatinous precipitate 
as the amount of water is increa.sed is shown clearly by the following 
(jbservations on the production of chromic hydroxide by the treat¬ 
ment of chrome alum solutions of different concentrations with 
juitassiuni hydroxide in excess.-’ 

RaUo 

Ohrome Alum : Water. Character of Product. 


1 :!) 

Wliole seta to a 

1 : 18 . 

.Jelly witli some water at tilt* lop. 

1 -. 50 . 

^.Tolly with SOUK'wjiter at llu* top. 

J.;100 . 

Soft jelly below, flour water aliove. 

1 : 800 . 

. . (j!**Iatmou.s precipitate below; water above. 


Many other highly insoluble hydroxides—and especially those of 
aluminium and iron—have a gelatinous character^ when obtained 
by precipitation. • 

As to whether a precipitate or a jelly is formed depends, however, 

on several other factors besides concentratioiq If the particles 

• 

^ P. Bary, J. Chbn. Vhys. 10 (1912), 445. Compare Wo. Ostwald, KoU. 
Zeitsek. 29 (1921), 100, who finds that the swelling power of liquids varies 
with the specific inductive capacity. ^ 

* Compare the observations of S. C. Bradford, Biochem. J. 16 (1921), 653. 
» K. H. Bunco and L. S. Finch, J. Fhys. Chem. ^7 (1913), 77G. 
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arc but ^lttle heavier 'thaiU the mediant iir which they are dispersed, 
and if the liquid is« viscous, tliey will tend to Remain suspended 
when gclatiniza^ion commences at different points ; such con- 
ditioiijS 'fat dur the, forpiation of jelly. If the particles are heavy 
and the liqu'id non-viscous, the growing aggregates tend to hink 
and we gqt a precipitate. ^ '.^his is one reason why in inorganic 
' chemistry it is,..so much more difficult to get trufc jellie.s tlian when 
Wv ant dealing with organic enndsoid colloids, which are light and 
form viscous solid ions. ' 

Are Gelatinous Hydroxides real Chemical Individuals ? 
When ammonia or sodium hydroxide is added to a solution of a .salt 
of a metal like iron, aluminium or chromium, the gelatinous precipi¬ 
tate produced is usually referred to as a hydroxide ” and is some¬ 
times written K('{OH).,„ AI(OH);,andCr(Ofl);,. It is, however, obvi¬ 
ous—in view of what- has been said above -that, even if the essential 
constituent of the precipitates he bodies of the tyjie Ee( 0 H) 3 , the 
pracipitate is certain to contain water in excess of that indicated 
by the formula FefOH), (or FejOj.tilljO, as it may be written), 
'When the precipitate is heated it loses part of the vvf.ter, the final 
composition depending upon the temperature employed, and the 
jircssure of aqueous vapour existing in the atraosjihere in which 
it is heated. The composition varies under different- conditions 
between wide limits, nor is there any definite indication that the 
proce.ss of desieeatiou is arrested when the composition corresponds 
to the formula! Ke{OH),|, A1{()H);, and Cr(OH),„ or indeed to any 
other hypothetical hydrate.- For this rea.son, many chemists 
consider that the so-callerl “ hydroxides ” of iron, aluminium and 
chromium are not chemical individuals at all, but that they are 
merely, as it were, sponges of the anhydrous oxides Fe./);,, AL(.):, 
and Cr,0:i containing variable quantities of water in the capillary 
channels. Whether this jioint of view is correct or not, it is clear 
that all conclusions regarding the existence of detinile chemical 
iridixiduals which have been based by chemists from time to'time 
upon the analysis of “ gelatinous ” preparations must be regarded 
as utterly wrong. The composition of such precipitates is tmtirely 
variable, and if a gelatinous or slimy mass happens to show, upon 
analysis,"a composition agreeing with some definite formula, the 
agreement must be looked upon as fortuitous. Before any attempt 
is made to establish the identity of some chemical individual, it 
must be obtained in a definite crystalline—or, at least, a “ sandy ” 

* Th. Svedberg, Trans. Faraday Hoc. 15 (1921), Appendix, p. 8. 

* Compare J. M. van Bemmelen, Hec. Trav. Chim. 7 (1888), 37 ; Zeitsch. 
Anorg. Chem. 20 (1899), 18,'>: 62 (1909), 1 ; IT, B. Weiser, J. Phys. Okem. 
24 (1920), 277, .70.7. 
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—form. Thus, aluminium hydroxido, wh*en,obtiyned by^he s^ow 
action of air oonteining carbort dioxid* upon sodium aluminate, is 
obtained as a*sandy precipitate- possibly of a crystalline character 
— which has a composition accurately correspondiflg tty fluyformula 
AljOj.SHjO or A 1 ( 0 H) 3 ; but the hydivfxidc olttiined (Juickly 
by £lie action of ammonia on an aluminium salt solution is of a 
gelatinous character, owing to the high dcgrc(' of supiAsaturation. 
involved at the moment of mixing, and the comjjjsition i,'. hope¬ 
lessly variable.^ It i.» noteworthy, that, by the treatment of the 
gelatinous form with dilute sodium hydroxide for some months, 
it- can be converted to a line crystalline form, consisting of micro¬ 
scopic l)ar-sha|)ed crystals ; and this eryslalline foini has now a 
definite comjmsition, AI.IJj.SHjO. 

It appears to the present w'riter that, if the comjiaet, sandy and 
eryslalline particles obtaineil by .yjow jirocesses are hydrated, it is 
very improbable, that the ultimate particles of the gelatinous form 
obtaiiiefl by rjuick i)reeipitation are anhydrous. It is clear that 
chemical analysis is jiowerless t(j show whether a hydrate CTlAts 
in a gelatinou,s precipitate, or not; but it does not follow that some 
physical method may not succeed where the ehcmicnl method has 
failed. 'I’he fact that the vai)our pressure of thc.se gels varies 
continuously with the water-content, showing no sudden change 
at the -''omjwsition coi'respouding to a given hydrati% is no argu¬ 
ment ag.iinst the existence, of such a hydrate ; the vajiour pressure 
of water contained in a narrow capillary tube is well known to bo 
lower than that of water in a wide tube, and, if one imagines that 
pores of all diameters varying between wide limits exist in the 
gel, we may expect that the vapour tension will fall off continuously 
as the water is expelled from the gel, wlu'thcr any definite hydrate 
be ])i'csent or not. 

There are, as a matter of fact, two .separate reasons why sub- 
■stances in a fine state of division will show, on .analysis, a departure 
fr<^pi the composition of tlie same substamx! in a compact slate. 
Both are connected with the bret that the rat io of .surface to volume 
is greater in the case of the dispersed substance than in the compact 
suBstince; «in other words, the effect of the “ surface layer ” of 
atoms ,which can be neglected in the ease, of n compact body-- 
cannot be disregarded in a finely divided body. The fifst cause of 
disturbance, which is important in the case of the gelatinous 
hydroxides, is the effect of absorbed water cliiigii^ to the surface 
of the particles, or of capillary water coTitained in the pores. A 
second cause of pos.sible disturbance, which has scarcely been in¬ 


i’. Goudi'iaan, l‘ruc, Atnst. Acad, 23 (1920), 129. 
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vestigatet experimentally up to tke present time, may be predicted 
as a result of our kijowledgj of the' crystal-strucfiure obtained by 
means of the X-ray method. Consider the crystal-structure of iron 
pyrites, Iriis is known to be made up of a large number of 

minute unit cvbcs, eacl/containing one sulphur atom in the intcRor, 
and four iron atoms at certain‘corners (Pig. 72). The composition 
of a single Vubo is FcjS, but if a very large nuipber of cubes are 
])l 3 ced together^ so that the same iron atom serves for the corner of 
eight cubes, the iron content of the aggregate is reduced to one- 
eighth, and the formula, instead of being E'CiS, becomes E’eS,. In 
arriving at the formula FeSj, we have, however, neglected to take 
account of the effect of the surface layers, where a single iron atom 
cannot serve eight cubes ; therefore if the crystals arc not moderately 
large, we may expect a deviation from the limiting compositioir 
FeSj. Iron pyrites particles consisting (jf .70^ unit cubes- -which 
should be visible under the ultra-microscope—will have the com- 
po.sition FeSi-g,.' 

jllero are, therefore, two reasons why finely divided substances 



% Iron Atom 

O Sulphur 


Kk:. 72.—Crystal Striicliin^ 
of Iron Pyritfs. 


may deviate from their _ “ proper ” 
composition, but this does not mean 
that the particles of a finely divided 
substance may not be thought of as 
being built up on a plan w'hich, if 
continued indefinitely—as is the case 
in the same substance when in the 
compact state—would lead to a 
simple atomic formula. Before wc can 


determine whether “hydroxides” of the type FV(OH )3 do exist 


in the .slimy ])recipitntes referred to above, we must discover some 


method which will enable us to distinguish the “ combined ” water 
existing in the interior of the component particles of the precipitate 
from the “ cajiillary water ” contained in the pores of the gel, and 
from the “free” water clinging loosely to the precipitated mags. 
To distinguish the “combined,” “capillary” and “free” water 


is not easy. A method has been worked out ^ which depends on the 
expansion observed when the gel is frozen; from thi,' expansion 
the, content of frci‘ and capillary water can be calculated and the 
“combineef” water is found by difference. Unfortunately, there 
is really no good independent method of checking the results, which 


* A. Quarteroli, Oazetta, 50 (1920), ii. 60. The criticism raised by A. 
Perucca, Oazetta, 51 (1921), i. 255, is answered by A. Quartoroli, Oazetta, 51 
(1921), ii. 211. 

^ H. \V. Fobte and B. Saxton, Amer. Cliem. Soc. 38 (1916), 588; 39 
(1917), 110,•). 
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must therefore be aceepted the moment with a.c.ertain a'Aouut of 
caution. • ’ • - 


The amount* of capillary and free water naturallj^ varies with the 
method employed in preparing the gel, and the proporl>i«;n of com¬ 
bined water obtained by the method is far from constant, and seem.s 
to depend upon the age of the gel. One research upon aluminium 
hydroxide prepared eight months previously by the intclaction 'of • 
ammonia and aluminium chloride showed the preparalion to contain 
.‘17-1 per cent, of combined water ; for the formula Al(OH) 3 , only 
34-(J j)er cent, is required. It is possible to ascribe the difference 
r)f 2-.7 ])cr cent, to water held in solid solution, A freshly pre- 
(Ul)itated sample contained 37-7 jter cent., of combined water. 

The amount of cotnbined water contained in ferric hydroxide 
varies within much wider limits according to tlie method of pre¬ 
paration ; it is quite, possible that the compound Ei^OH), does not 
c.xi.st to any large e.xtcnt in the ])reoi])ilate, which, may consist 
mainly of a .solid solution of water in Ec.Oj. 


The Question of Basic Salts. Often a jnecipitate of a “hy¬ 
droxide ” tLiown down, say, from a chloride solution includes a* 
quantity of the chloride of the same metal, which is difficult to 
remove by wa.shing ; .similarly, a j)recipitate thrown down from a 
.sulphate solution is often difficult to wash free from sulphate. The 
salt may bo held by surface adsorption, or in solid .solution in the 
hydroxide. Such precipitates have often, in the past, been styled 
“ basic chlorides,” or “ basic sulpliatos.” 'i hey can, of course, 
be regarded as in.soluble basic salts of variable composition, just 
as the colloidal solution of ferric hydroxide pcqitized by ferric 
chloride can Ik^ regarded as a soluble basic salt of \mriablc com- 
jiositio)!. But some chemists have gone farflnw, and have assigned 
definite formulte to them. This is, in most cases, wrong. It is 
Irue that many true basic salts such as I’btil.,.3PbO are known 
which arc definite chemical, individuals of constant composition. 
iSonKJof these, for instance .SbOt'I, can be obtained in well-devci(,(pe<l 
crystals and their individual existence is as well established as that 
of any normal salt. But it is entirely wrong to assume- as has 
often been doflo in the past- -that, because chlorine— or some other 
acid radiblc-—is found in a gelatinous precipitate‘after (Mintinuod 
washing, a new basic salt has been prepared. The precipitate may 
be an adsorption product, or a solid solution of a salt in a hydroxide. 
Even if a basic salt is present, it may not have a formula corre¬ 
sponding to the composition of the precipitate, which may consist 
of a mixture of two or more basic salts. Before the existence of a 
basic salt as a definite chemical individual can be admitted, the 
composition must be shown to remain constaht even when the com- 
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position of the solutions, used for thenj^recipitation are varied to a 
very considerable ejtentA ' ' ' 

As an exampjje of the tenacity with which adsorbed ions are 
held by a 'fjrecipitate, may be mentioned the ease of arsenious 
sulphide. When a colloidal' solution of arsenious sulphide (a 
negative colloid) is precipitateVl by the addition of barium chloride, 
• it Is the bariupi ions which actually cause precipitation, and it is 
found'impos.sible afteiwards to wa.sh the precipitate free from 
adsorbed barium.- ' 

Physical Character of the Colloid Particles. Craham, who 
is often regarded as the originator of colloid chemistry, considered 
the colloidal state as the antithesis of the ery.stallino state. It 
ai)|)ears, howevei', almost ccrtaiti that in many cases the colloid 
particles hav(^ actually a crystalline character. X-ray work on 
I'olloidal solutions of gold and .silver, for instance, appears to show 
without doubt that the metallic particles are miiiule crystals.-’ 
Tly.' optical properties of colloidal solutions of vanadium pentoxide 
appear to point to the existence of particles having some at least 
Trf the properties of crystals.^ Furthermore, if vftn Woiman’s 
view—referred to in the last chajiter—is accepted, and wo agree 
Jhat apparently amorphous gelatinous precipitates are really 
crystalline in character, it is difficult to avoid the view that the 
ultimate particles of jellies, also, ai-e really crystalline particles. 

In assuming a crystalline character for the ultimate colloid 
))articles of sols and gels it is not iuteiuh'd to suggest that the outline 
of the particles corresponds in every ca.se to a pci'fect geometrical 
form ; in many ca.se.s they are probably best regai'ded as roughly 
spherical; the word “ crystalline ” is used only to describe the 
internal arrangement of the atoms. \hm WViniarn’s work on barium 
sulphate may be recalled once more. From \ery dilute solutions, 
this salt is preciiutated in geometrical forms, from rather more 
concentrated .solutions in dendrites, 'from solutions of average 
concentration in the familiar fine “ apparently amorj)hous ” fdrm, 
and from very concentrated solutions in a gelatinous condition. 
In the latter case, the ultimate particles, which adhere together 

I « 

* See K*B. Allan, Anier. Ch&m. J. 25 (1901), 1107, who treats the queatioii 
from the standpoint of the “ Phase Rule.” Also W. L. Miller and F. B. 
Kendrick, J. Phys. Chem. 7 (1903), 259; H. B. Weiser, J, Phys. Ghem. 24 
(1920), 605. 

^ S. E. Linder and H. Picton, Trans. Chem. ^’oc. 67 (1896), 63. 

3 P. tScherrer, Nachr. Oe.-i. Wise. Qdttinyen (1918), 16 ; abstract, J. Chem. 
^ioc. 116 (1919), 274. 

* W. Reinders, Proe. Amst. Acad. 19 (1916), 189. See, however, the 
interesting ^iews on this subject put forward by 11. Zocher, Zeitsch. Phys, 
Ghem. 98 (1921), 293. • 
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in flocks, cannot hiJ niade^^t, but it is ,v(‘ty unlikely tiat they 
possess any defiititc geometrical forml • 

Summary. Colloids may bo divided into ‘.(uapensoids and 
omulsoids ; a colloidal solution of a susjjeiii^pid charai?W‘r*s, inter- 
merfiato between a true solution amf.a sus))ension, whilst a solution 
of an emulsoid is regarded by many chemists as th(^ nornjal solution 
of a substance wl?ich has naturally large moleiadea. Colloid par-' 
tides are small enong|i to exhibit thermal (Brownian) mov’emeilt, 
and yet large enough to he visible-'in many easeS' in the ullra- 
microscope. 'I'he jiarticles are positively or negatively charged, 
and move towards cathode or anode when the solution is elec¬ 
trolysed. The (diarge is essential to stability ; if, by addition of an 
electrolyte, the |)artieles are rendered electrically neutral, floccu¬ 
lation occurs. 

'I'he eliarge is due to the pretertmtial adsorption of certain ions 
by the jiarticles ; the discharge is caused by the adsorption of ions 
of the o])[H>sitc sign. The flocculation of negatively charged coHaiis 
depimds on the nature of the cation of the flocculating electrolyte ; 
tlu! Ilocculatfon of positively charged colloids de|)end.s on the anioii 
of th(^ flocculating electrolyte. In general, tiivalent ions are more 
elTective floccidators than divalent, and divalent more effective 
than monovalent. Aluminium salts are powerful tlocculators of 
negative .olloids. 'I’lie additi(.)n of an aluminium salt to a colloidal 
solution of gold, or a suspension of oil-drops in wafer, first neutra¬ 
lizes the negative charge, and then, if adde<l in sullicient (piantity, 
renders the particles or drops j)ositively (diarged. 

When precipitated hydroxides .are shaken with dilute salt solu¬ 
tions, or dilute acids or alkalis, they often adsorb ions, and break 
up into (diarged colloid particles which remain snsjamded. 'Phis 
process is known as jicjitization. 'I’hus ferric hydroxide is peptized 
by ferric chloride, through the adsorption of ferric ions. The 
colloid particles can he regarded as the positive ions of the complex 
•saff f(rEe(OH) 3 .yFc ICljj^, but it is not a complex salt of definite' 
compo.sition. > 

An^ alternative method of preparing colloidal solutions of nor¬ 
mally insohiljle substances is liy double decomposition carried out 
under .s*ucli conditions that the particles produced, bei«g charged 
through the adsoi-jition of ions, do not unite together to form a 
visible precipitate. 

Colloidal solutions of the metals can be produced by allowing an 
arc to pass below the surface of water between electrodes made of 
the metal in question. They can also be prepared by the reduction 
of salts. The “ sols ” are normally unstable, as the particles readily 
join together to form secondary aggregates?; but they are rendered 
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stable by the pEcsenbe pf certain “ J^1ptectiv^ ” organic colloids. 
“ Fogged ” lead chloride, Silver chloride rendered violet by the 
action of light, ajjd ruby glass all owe their colour to colloid metallic 
particle#. . •, , 

Gels can bf produced by tli6 “ setting ” of a colloidal solution, 
or by the “ swelling ” of a dry colloid. They appear to consLst of a 
•.Molfd network, ^probably formed of strings of cblloid ])articles in 
iiuion, • threaded by continuous liquid ehanne).s. 'The network 
affords rigidity and elasticity, whilst the eonlimiou.s channels allow 
free diffusion. The 15rownia]i movement of the parti(!les \ani.she.H 
when they unite in chains to form a gel. 

Whore the j)roportion of colloid present is insufficient for the 
gelatinization of the whole liquid, a gelatinous jjreeipitate may be 
jiroduccd, which gradually sinks, leaving a clear li(|uid above. Such 
precipitates are found amongstr th(^ .so-called '■ hydro.xides ” of 
metals like aluminium and chromium ; gelatinous precipitates 
qli^ys contain watei' in variable amount, and it is impossible to 
assign a definite composition to them as the result of chemical 
analysis ; possibly physical methods may show whethej it is correct 
to regard these substances as being detiiute hydroxides. 

The gelatinous “ hydroxides ” often also contain considerable 
quantities of adsorbed salts (chlorides, sulphates, etc.) which are 
unremovable by washing ; such precipitates are often referred to 
as basic salts, but they should be distinguished from the “ basic 
salts ” of definite composition. 

Many of the primary particles found in sols and gels a])pear to 
hav(! a crystalline character, but this does not necessarily imply 
a detinite geometrical form. The fact that th(> process of gelatini¬ 
zation follows many of the same laws as crystallization does not. 
imply that the j)rocesses are identical. 
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• CHAPTER VJIl 

DECOMPOSITION VOLTAGE AND THE E.M.E. OF 
A CELL 

Decomposition Voltage of an Electrolytic Cell. It is 

no(!Os.sary to return to the phcnojiena accompanying the passagi! 
of electricity through a solution of an eloctrol 3 rte, as exhibited in 
an electrolytic cell. It was pointed out, at the eommcnccraent 
of Chapter V, that whereas a inctallic conductor is unchaiifW 
hy the passive of electricity through it, except for a small rise of 
t(uupei-aturc- the application of a P.l). to a solution may iirodiice 
both (1) motion and (2) decomposition in the latter. 

If we go on to investigate the relation between the Potential 
Differci'ce which produces the current, and the strength of the 
current licit is produced, an even more striking contr.ast is obtained 
between the two classes of conductors.' In the case of a metallic 
conductor, the current produced is- in accordance with Ohm’s 
Law—proportional to the P.D. which gives rise to it; the curve 
connecting the volts and the amperes will thus be a straight line, 
as is shown by curve A of Eig. 73, which refers to the current sent 
through a niekel ehromium wire. On th(‘ other hand, if we measure 
the current forced through an electrolytic cell by an .E.M.F. of 
varying intensity, we obtain a very ditlerent result. Curve B 
indjf,ates the current forcerPthrough a zinc liromide solution, carbon 
electrodes being used. Until^the P.D. applii'd to the system reaches 
a certain critical value, jiracdically no current is forced through the’ 
cell >*vhen anee this critical value is pa.ssed, the current l ises rapidly 
with anj' further imueast' in the applied E.M.F. ^I'he critical value 
i.s called the Decomposition Voltage. It is true that a iliomentary 
current may sometimes bi^ sent through the cell by an E.M.F. of a 
magnitude less than the decomposition voltagij, but this soon falls 
oil as the products of decomposition begin to accumulate at the elec- 

^ Seo a most instructive paper by O. P. Watts, Tratio. Anwr. Elecirocfiem. 
Soc. 19 (1911), 91, from which many of the examples arc t^en. 
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trc?de8,8Md sinks t« an afinost no^ligible quantity. The value of the 
critical E.M.F. ‘depends oi^ the natffru of the (jolution and the 
material of the electrodes ; it is independent of the shape of the 
electrolytic cell *'r the distance between the electrodes. 

The cause Of the ex>.'*l.ence of,the critical E.M.F. must be found in 
the decomposition which necessarily accompanies the ])assage of 
electricity-through the .solution. Tf the electrolytic coll consists 
of two copper electrodes immersed in copper sulphate solution, the 
critical E.M.F. is practically nil. Here th® effect of the current 
is to di.ssolve copper at the anode and to deposit an equal amount 



Fu:. 73.—A iirialiou of Ciirroiii wit!) I'.J), ajfj'lif'tl <o (.1) Nirkol ('iiroiniiiui 
W'irf ; [U] Zinc l^rojiiidr Solution ('jirlton IlIdcI rode.s ; (C) 

Coppor Sulpliatf' Solution hi'lwefri ('o|'jK*i' Kl«x*(rodf's. 

at the cathode; the net result is merely a transference of metal 
from one place to another; since, therefore, there is no chemical 
work to accomplish, the smallest P.D. will sulliee to force current 
through the cell as is show'n in curve fl (Fig. 73). But, in the ordi- 
nary electrolytic cell, decomposition is brought about ; that is to 
say, the current is called upon to pc'form chemical work. If the 
electrolytic cell consists of two carbon electrodes immersed in zinc 
bromide solution, each 2 !)f),580 coulombs of el(«tiicity 'which 

passes involves the decomposition of one gram-molecular Weight of 
zinc bromide according to the equation 

ZnBr .j -- Zn + Brj. 

Now, when zinc and bromine combine to form zinc bromide in the 
presence of water, forming a solution of zinc bromide, there is great 
evolution of heat, amounting to 90,960 calories for the gram- 
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molecular weight.' the zinc bAomido io onoc’morc to,be sj,lit 
into its elements, ^hi.s amowi'A t)f energy his lo be supplied. Let 
us assume, for .the moment, that it is all to be sbpplicd as electrical 
energy—and that there is no absorption or evoluti’ai of heat in the 
electrolytic cell. The electrical energy invoiyed whe,''^9 X fl6,580 
coulombs are forced through the cell by a P.D. of E volts is 

• 2 X 96,580 X E joules, • , 

which is equivalent to * , , 

2 X 96,580 X K X 0'24 calories of heat energy. 

If, therefore, this i.s to be equal to 90,960 calories, E must be equal to 
90,960 

2 X 96,580 V 0-24 
that is, to ul)out 1-96 volts. 

Actually it i.s found that tlu^ ilec(fm]) 0 .sition voltage, below which 
zinc bromide cannot be decomposed, is 1-80 volts.“ The discrep¬ 
ancy, amounting to 0-16 volts, is in.aiiily due to the fact that 
assumption made above namely that there is no evolution or 
absorption of heat in the electrolytic process—is not justilied ; 
although, in the electrolytic process, the energy is mainly supplied 
by means of the electric current, actually a small absorption of heat 
energy occurs at the electrodes, and conse(juently a slightly smaller' 
E.M.F. than 1-96 volts suffices to carry out the decomposition. 

A similar hcat-eifcct occurs in most ca.scs of electrolysis, although 
in sonn- cases it is an evolution of heat - in.stead of an absorption— 
which is ob.scrved at the electrodes. For very rough jnirposes, 
however, Iho heat ellect accompanying electrolysis can bo neglected, 
and - if this is done—we can use the argument just employed to 
obtain a general equation connecting the decomposition voltage, 
K, and the amount of heat-energy, q, which would be needed to 
bring about, the decomposition of one gram-moleculc thermally. 
The electrical cneigy which is e.xertcd when a gram-molecule is 
dccdniposed at the E.M.F. J'i is 

E >; 96,^80 a joules. 

whcrirW is tl»c number of electrons taken up when one molecule 
is decompo.sed (e.g. two for NiCl,; one for AgNO,,,.ctc.; three for 
AICI 3 ; and six for Al 2 (S 04 ) 3 ). 

This quantity of energy is equivalent to 

E X 96,580 X » X 0-24 calories, 

* According to J. Thomsen, “ Thermochemistry," translation by K. A. 
Burke (Longmans, Green). 

' M. Le Blanc, Zeitsch. Phys. Chem. 8 (1891), 322. ' 
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fDisct\arge , H,+ ‘PbO^ + tiH^SO^ = 2PbS04 + 2 H 4 O 

Charge . . 2 PbS 04 4 2 H 4 O '* = Pb 4 PbOj 4- 2 H 2 SO 4 

In the ,charg 9 d state the negative plates of an accumulator con¬ 
sist essentially of spongy metallic lead supported in a grid or ribbed 
plate of lead, whilst the positive plates consist of lead peroxide 
(PbOj) similarly supported. During the discharge a certain 
amount of lead sulphate is formed on each plate ; the reaction 
Occurring at each plate can bo written separately, thus :— 

At the negative plate, Pb 4 - SO4" = PbS 04 + 2e 

At the positive plate, PbOo 4- 4H' 4- SO 4 " 4- 2e = PbS 04 + 2 H 20 

The reverse changes occur at each plate during the charging. 

The critical K.M.F. which should be derived from the heat- 
cvolution (87,200 calories) connected with the change, 

Pb-fPbO^ 4- 2H.,S04 = 2PbS04 4- 2H./), 

•Wl be calculated roughly from the simple equation 

E X -00004,3 volts. 
n 

87 200 

It should be —— X *000043 1*87 volts. 

The discrepancy between this value and the 2 volts met with 
in practice shows that here also- bcsides the transformation of 
electrical to chemical enel-gy and vice versa- ■ other transformations 
of energy must be occurring. As a matter of fact, when a lead 
accumulator is charged, a certain amount of the electrical energy 
used up appears as heat which is evolved at the electrodes ; during 
the di.scharge, an equivalent absorption of heat appears and the 
accumulator tends to become cooler. This reversible heat-effect 
at the electrodes accounts for the working E.M.F. being actually 
about 2 volts, as opposed to the calculated value of 1-87 volts. 

Primary Cells. From the accumulator, which acts alteriiately 
as an electrolytic (current-absorbing; cell and as an electric (current- 
producing) coll, it is natural to pass to the j)rimary electric cells, 
which are designed es.sentially as producers of current. Consider 
the Daniell cell; here, the positive pole consists of a copper sheet 
immersed in a solution of copper sulphate, whilst the negative 
pole is a zinc stick immersed in zinc sulphate ; the two solutions 
arc separated by a porous w.all, which prevents undue mixing. 
When the cell is producing current, metallic zinc enters the solution 

Joutjert, Tmn-i. Ame.r. Ekctrorlirm. Hoc, 37 (1920), 041. The mutter is further 
discussed in Vol. JV' in, the section dealing with Icacl. 
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producing zinc ions* and leaving *016 zinc* r(id with an Jxcest* of 
electrons ; nieann hile, at flie popper ^heftt, copper ions from the 
solution take up electrons and form atoms, which appear as a fresh 
deposit of metallic copper; this process cau8cs*a copUirgial pro¬ 
duction of electrons at the zinc rod,.and amabsorptioh of elebtrons 
at tllb copper plate, and so mnintains-the current. 'J’he changes can 
1)0 expressed thus• . 

At the negative pole . . . Zn =^Zii"-\-2e • 

At the positive pote . . . Cn" + Cu 

By adding (he two change.s together, wo ohtaiji for the reaction 
in the cell as a whole, 

Zn -i- Cn" Zn" -f- Cn, 
or, in non-ionie language, 

Zn + CiiSO,, «Zn.S()| -f Cii. 

If some mctallio zinc l)e introduced into copper sidphate .solution, 
in an ordinary gla.s.s \ essel, copper is precipitated in a spongy fofy ; 
the same change 

• Zn + CiiiSO,, i ZnSO., + Cu 

is hero proceeding, hut, since no ('lectric current is produced outside 

the vo.ssel, the energy is lil)erated -finally, at least.in the form 

of hoai By observing the lise of temperature it can be found 
that 00,110 calories accompany the change. Assuming that, in 
the Daniell cell, the whole of the energy is liberated in the electrical 
form, we might exjjcct. an E.M.F. of 

E >: -OOtKld;} - I-OS volts. 

Now this is very close to the actual E..M.F. (l-OOO volts) produced 
by a Daniell cell, and it follows that in this ca.se the chemical energy 
is transformed into electrieid energy without appreciable absorption 
or evolution of boat at the dlectrodes. It is not intended to imply 
t hat* no heat is evolved when a Daniell cell protiuces current, because 
the friction of the ions moving through the solutions necessarily’ 
eause.s ^a slight rise of temperature in the l)ody of the solution. 
What is ju-actically absent in the Daniell cell is the nvernibk heat- 
effect at the, dcctrodcs- effect which, in the lead acoumulator, 
represents an evolution of heat during charge and an absorption 
of heat during di.scharge ; wo have independeijt evidence that in 
the Daniell cell the reversible heat-effect is extrcnicly small. 

When it is stated that the E.M.F. of a Daniell cell is 1-0% volts, 
we really mean that a Daniell cell will " balance” a P.D. of,l-()96 
volts; if a Daniell cell is opposed to anothor^cell—or source of P.D. 
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—-^ieldnig 1-090, volt?, n& current'will be produ(*ed. If, however, the 
oxternal 'P.D. bo sljghtfy i/iduced-> sajl, to 106 Volts—the Daniell 
cell will commen,ce to furnish current, whilst if the' external P.D. 
is aligb.tl^, ineftased—say, to 1’2 volts—current will be forced 
through the,Daniell‘*11 in the opposite direction; in that case, 
the reverse change 

' ' ’ _ Cu + ZnSO,,; - Zn + CuSO,; 

T#ill plesuinably occur in the cell, which is for the moment acting 
as a current-absorber. Although the Darnell cell would scarcely 
make a serviceable accumulator for practical u.se, it is pos.siblc to 
regard it as an example of a reversible cell. 

Most ccll.s of the “ Daniell type ’’- that is, celts consisting of 
two metals, each immer.sod in a solution of one of its own salts - 
are reversible in this sense ; a very slight excess of P.D. over the 
critical value will cause current to flow one way through the cell, 
whilst a slight deficit will cause it to flow the other way. On the 
hand, many ceils arc not reversible. The simple cell formed 
when copper and zinc plates are immersed in a dilute acid, for in- 
stance, is not reversible. When the cell furnishes cu rent the zinc 
dissolves, forcing out hydrogen gas on the copper plate. The 
equation, expressed in ionic language, is 

Zn + 2H' = Zn” + H.,. 

But we attempt to force current through the cell in a contrary 
direction by means of an external E.M.F., then the copper will 
have to bo forced into solution, the change being probably 

Cu + 2H' Cu" -h H,. 

'fhe reverse external E.lif.K. which mirst be applied to the cell to 
jiroducc this re.sult will very much exceed that which is generated 
when the cell Ls in action in the normal manner. 

The Potentiometer. In order to measure the E.M.F. of a 
reversible cell, a source of variable P.D. is required, which can bo 
adjusted until it just balances the P.j). furnished by the cell. Such 
an arrangement constitutes a potentiometer, a convenient form 
being shown diagrarnmatically in Fig. 75. A series of electric cells, 
B, yielding a P.J). (say 4 volts) greater than that of any c.ell that i.s 
likely to ?onie up for measurement, sends a current along the long, 
thin, uniform resistance, wire QR. The wire must have a re- 
.sistanco high compared to all the other conductors of the circuit, 
and the greater part of the 4 volts provided by the cells should fall 
over the wire. A sliding-contact P is arranged to move over the 
wire,' and„by bringing it to a suitable position, any desired P.D. 
between Q and P can,be obtained at will. When, for instance, P 
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is half-way betweoi'iiQ and R, about 2 voltsiwijl bs obtained;*if 
P is three-quartefs of the ciistenco from tj ci.^ R, 3 volts will be 
obtained; thS exact values can be road off on tl».e high resistance 
voltmeter V. •* » 

The cell to be tested is placed at X, one }#jle being -n connection 
with^J, and the other being joined—through the sensitive galvano¬ 
meter A, and tapging-key K to the sliding-contact P, the connec¬ 
tions being chosen so that the cell opposes the P.l). fitrnishcd by tla' 
potentiometer. In tlutt case, if the P.D. furnished by the poteutio- 
nietcr is greater than that of the cell, the galvanometer will show 
(uirrent passing in one direction. If the P. D. furnished is less than 
that of the cell, the galvanometer will register current in tlie other 



direction. Only when the V.D. between Q and P is exactly equal 
to tfiat of the cell, is a “balance” obtained, and no deflection 
is obtamed when the tapping-key is pressed down. The P.D. 
corresponding to this state of equilibrium is then obtained by read¬ 
ing the voltmeter, V.^ 

If the cell is truly reversible, equilibrium is always olitamed at 
the same point, no matter from which side it is approached. Since 

' Many workers prefer to employ a capillary electfoineter to a galvano¬ 
meter for detecting the want of balance between the P.D.s. If properly 
used the capillary electrometer gives excellent results and is for some classes 
of work preferable. See H. J. S. Sand, Trans. Faraday Soc. 5 (1909^, 169. 
But for ordinary potentiometer work, a galvanometer detector built into the 
potentiometer box as part of the instrument, is, more convenient. 
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at Vhe point of .balance there is no ^urrent passing through the 

cell which is being^tested,!- the value is truly the “ equilibrium 
E.M.P.” of the cell; no error is caused by the small current which 
leaks throijgh the' voltmeter, because thi.s current is provided by the 
main hattery«B, and Si'ot by the cell X under examination. 

In this respect, the potentiometer metliod of testing a cell is far 
• more accui'ate than the rough method commonly,adopted of simply 
joining the cell to an ordinary voltmeter and noting the deflection. 
In that adtnittedly more simple method, th6 current sent through 
the voltmeter is provided by the cell which is being tested, and 
the voltage okserved is not the equilibrium K.M.F.,” but the 
E.M.F. of the cell measured whilst produidng a current; often it 
may be very perceptibly less than the ecjiiilibrium value. Mor(‘- 
over, as has already been pointed out in the introduction, unless 
the cell has a resistance very syiall cnmpare<l to that of the volt¬ 
meter, an important fraction of the total JM). will fall over the 
lj(ju id within the cell, and for this reason, also—the value obtained 
on the voltmeter will be too low. Th<' potentiometer method is 
.free from both these defects. 

Standard Cells. In calibrating or te.sting a |)otentiometer, it 
is of great service to possess a cell - or cells- the E.lM.F. ]H’oduced 
by which is known with great accuracy. 'I’he usual standard em¬ 
ployed is the cadmium cell,^ which giv'csan E.M.F. of 10183 volts 
at 20° C. ; the E.M.F. is almost independent of the temperature. 
The composition of this cell is 

Cadmium Mercury j Saturated solution of jPa.ste of HgjiSOpMercury 
Amalgam contain -1 Cadmium sulphate j and 
ing ]2| per cent. I containing crystals of i 3CdSO,,.811.3) 

Cadmium \ .‘ICdSOj.HH.O ; in water 

The amalgam electrode forms tin? negative pole, the reaction there 
being , 

t .'d Cd" -1 2e, 

I 

whilst at the mercury pole fresh metallic mercury is deposited from 
the mercurous sulphate in solution according to the reaction 

' ' 2Hg'+ 2e =-2Hg. 

In the commonest fprm of the cell, an H-shaped ves.sel is employed; 

* A criticism of tlio employment of this type of cell as o standard has lately 
been published hy K. Cohen and A. L. Th. Moesveld, Zcltfich. Phjs, Chem. 
95 (1920), 285. Seo, however, reply by W. Jaeger and It. von Steinwehr, 
Zeitsch. Phyft, Chem. 97«',1921), 319. 
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the mercury and tje amalgam ilccupy fSie ^bottoms of* ippo^te 
limbs, as shown ift Fig. 76.1* , ^ • '• 

Another stftndard of potential is tln! Clark Cell, which consists 
of the combination 


Zinc 


Saturated j Paste of ^ 
ZnS 04 solution ' HgjSO., | 


Mercury 


The E.M.F. is l-<f34 volts, but it varies with tcisperaiure more 
than the cadmium cell,; the variation, however, can be allo\v*ed fdl. 

For rough work, Iho Daniell cell (l-OOli volts) can be used as a 
standard of potential, but it i.s by no means so constant as the two 
cells just mentioned. 

Many investigator.s-- when using a poUaitiometcr—-omit the 
voltmetei- from the arrangement show'n in Fig. 75, and calculab^ 



Cadmium 

Amalgam 


Fra. 76.—Cadmiiun Cell, 

the E.M.F. of an unknown cell from tlu' position of the sliding 
contact at the point of balance. In this method, the .stretched 
wire'tif the potentiometer must bo absolutely uniform so that the 
potential drop is uniformly dLstributed over it. , A cadmium cell 
i.s first attached to the potentiometer at X, and the clTstauce QP 
measured when equilibrium is obtained ; let thi.s be equal to fj. 
The cell to be tested is then attached in place of tljc cadmium cell, 
and the new position of balance is found ; let the new length of QP 


' Another, more compact, form of the coll is described by C. J^Koditian and 
T. Spooner, Trans. FAecirochem. Soc. 38^(1920), 97. 
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be/j. ixsuming the wii<j is unifcrm, the E.M./. of the cell which is 
being tested will be x *1-0183 volts. 

Sumnidr^. 'fractically no current is forced through an electro¬ 
lytic 6ell, and no debfimposition is produced, unless the E.M.E. 
applied to it exceeds a certaifi critical value (the “ decomposition 
.voltage ”)( this value can be calculated roughly from the heat- 
afesorp.tion which takes place when the same decomposition is 
brought about thermally. The accumulafton of decomposition 
products at the electrodes causes a “ back E.M.F. of polarization ” ; 
and unless the E.M.F. applied to the cell exceeds the value of this 
back E.M.F., clearly no current can pass. 

In a primary cell, also, the value of the maximum E.M.F. of the 
cell is closely connected with the heat evolved when the same 
reaction occurs without the pijoductiou of an external current. 
The maximum P.D. provided by a reversible cell should properly 
l)e measured by the method of balance on a jwtentiometer ; direct 
mffli.^urcment on a voltmeter—especially a low-resistance voltmeter 
—yields a value which is unduly low. Cells of the ,Daniel! type 
are “ reversible ” ; if opposed by another P.D. slightly smaller than 
the equilibrium E.M.F. of the cell, current Hows in one direction, 
whilst if oppo.sed by a P.D. slightly larger than the equilibrium 
value, current flows in the opposite direction. 



CHAPTER IX 


SINGLE ELECTRODE POTENTIALS 

The study of the equilibi'ium H.M.E.s of various cells of the 
Daniell type—consisting of two metals immersed in solutions of 
their respective salts—has led to certain most importa)it results, 
it has been found possible to regard the E.M.P. of the complete cell, 
as being the diffcrenc(! between tvS) “ single potentials ” provided 
by two “ half-cells," ‘ A few examples will make this clear. The 
ordinary Daniell cell (iOTnbination can be expressed fhus, 

Zn ZnSO, CuSO., Cii 

or, in ionic Ruiguage, 

Zn I Zn" j Cu" ; Cu 

Since the E.M.E. produced by the cell is independent of its shaps 
and the 'listanoe between the electrodes, but varies with the com¬ 
position of the electrodes and the concentration of the solutions, 
it is natural to attribute it to the interfaces between the metals 
and the solution. It has become customary to regard the two 
interfaces 

Zn I ZnS 04 
i solution 

and CuSOi j Eu 

solution i 

lus each producing a eharaeterislic P.D. ; the combination of the 
two‘lives the resultant E.M.E. of the complete cell. Necessarily, 
the E.M.P. provided by the complete cell will be the lUffe.re.m'f 
between the single potentials of the two half-cells, not, the .sum.; 
for, ii’t5ie two half-cells are identical, as in the cell 

Cu j CuSO,j CuSO,iCu ’ 

the E.M.P. of the combination will bo zero. 

Such a conception can only be of value if it is known that a given 

' Strictly speaking, the E.M.F. of the complete cell is the difference between 
the differenced of potential existing at each oloetrodo. For euphony the simple 
word “ potential ” is often used, to signify the difference of potential existing 
at the interface between electrode and solution. 

313 
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' haR-cellTteeps ite chaiacfcristic I^.D. uj^cliangccfin all combinations, 

• irrespective of the pature «f the o<ther half-cell* with which it is 
combined. Before proceeding farther, we must te&t this point, 
'rhe E.M.J^.s^of llie following three cells have been measured :—i 

• (1) Zn'|*'2n" I Oi" j Cu = l-()96 volts 
, , (2) Zn j Zn" j Ag’ | Ag == 1-.547 vplts 

. ^ Cu I Cu" I Ag‘ I Ag — 0430 volts 

Now if tlic tliree half-cells ‘ 

Zn I Zn" 

Cu I Cu" 

and Ag I Ag' 

• 

keep the same value in all possible combinations, the E.M.F. of 
cell (3) should be the differcnce'jf the E.M.F.s of cells (1) and (2). 
.Actually the E.M.F. of cell (3) is found to be 0430 volts, whilst the 
di§f,rence of ( 1 ) and ( 2 ) is 

1-547 - 1-096 = 0-451 volts. 

• f 

Although the agreement is not absolute, we obtain approximately 
the result expected; the same approximate agreement may be 
found if the E.M.F.s of other trios of reversible cells are compared, 
and justifies the conclusion that the potential of a given “ half-cell ” 
can he regarded as a fixed value, independent of the other half-cell 
with which it is combined. 

It should, however, bo mentioned here that in regarding the 
E.M.F. of the Daniell cell, 

Zn I ZnSO, j CuSOj I Cu 
as made up of the I’.D.s at the interfaces 

Zn I ZnSO, 

I solution 

and CUSO 41 Cu' 

solution I ^ 

wc are neglecting the possibility of a P.D. at the interface 
ZnSO, CuSO. 

• ' solution solution ' 

existing where the two solutions meet in the pores of the porous pot. 
This matter has been studied in some detail and it is found that in 
many cases the P.D. at the liquid interface is small enough to be 
neglected, especially where the mobility of the various ions present 
in the two^ liquids is nearly the same, and the concentrations are 

‘ N. T. M. Wilsmtre, Zeitach. Phys. Chem. 35 (1900), 291. 
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also similar on botti sides o| the boundary. • Under certain cAi 

ditions, however, the P.l). at the liquid jMnction>"becomes quite high, 

and a serious ‘error will be cau.scd if it i.s not allmved for.'- 

»’ 1 

Standard Electrodes. “ Normal Calomel ” and'f" Hydro¬ 
gen Scales of Potential. Havljig coirsidered these jjossible 
objections, we can go on to expre,ss the potentials of the vuriou.s 
lialf-cells of the ty])e 

JJetal I Metallic salt 
j solution 

on .some detinitc .scale. But first it is necessary to aelopt some 
delinite “half-cell” as a “standard electrode,” which can pro¬ 
visionally be regarded as providing zero P.l). ; for the measurement 
of the K.M.K. of a Danicll-tyiie cell docs not tell us the absolute 
potential of either electrode (or h^lf-cell), but only the difference 
f)ef,wi>en the t.wo single potetdials. 

It would of course be possible to take the half-cell 
7m I 7m- 

ns a standard electrode ; if this is c,ailed zero, Cu | tlu" must be 
called l-0!)0 volts and Ag | Ag’will be 1-547 volts. Alternatively, 
we could call C'u | Cu" zero, and in that case Zn | Zn” wouid 
become — 1-096 volts, and Ag | Ag] would be + 0-436 volts. . Bui 
in practice neither of these half-cells are sufficiently constant for 
general employment as “ standard electrodes.” 

A very convenient “ standard electrodi-,” which is commonly 
employed in practice, is known as the “ normal calomel elec¬ 
trode.” It consists of the combination 

I Normal KGl solution 
^ I saturated with Hg(4 

A useful form is shown in Fig. 77. Mercury is contained in the 
bottom of the vessel A, and is covered with a paste of calomel, or 
meijjurous chloride, a somevl-hat insolubles salt, in a normal solution 
of potassium chloride; the unper portion of t he vessel, as well as 
the limb B, is’ filled with normal potassium chloride solution 
saturated with calomel. The limb 1) is filled with a suitable 
“ eonneating solution ” which serves to connect potassium 
chloride solution to the other half-cell with which tile calomel 
electrode is to be combined, and the funnel E and three-way tap C 
allows the coraiecting solution to be renewed each tiipe the electrode 
is used. The connecting fluid is cho.sen so as to make the P.D. at 
the interface between the different solutions as small as possible. 

* See W. C. McC. Lewis, “ Systoni of Physical Chemistry," Vbl. lI*(Long- 
mans, Green), 1920 edition, pp. 168-173. » 
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Th)p nomal pot?issmvfl Jhloride ^nd the connjoting solution meet 
in the annulus o^ tjfe gfas^ tap C, tWtifch must 8e kept free from 
grease. The resistance imposed by the tap is very high, but this is 
actually,afl advantage since it prevents any danger of a high current 
passing through the efcctrode, which might be prejudicial to the 
constancy of the potential. • * 

. If, for instance, the connecting solution used is potassium chloride, 
ayd the end ot the tube D is placed in a vessel containing zinc 
chloride, in which a zinc electrode is imma-sed, the combination 
form.s the complete cell 


Zn 1 ZnCL I KCl 


KCl saturated 
with HgCl 


Hg 


The 


E..M.F. of the combination can be measured on the potentio¬ 
meter. Suppose the value 
found i.s 1-084 volts, the zinc 
functioning as the negative 
])ole. Tlien, if wo agree to 
treat the normal calomel elec¬ 
trode as a standt»rd electrode 
of zero potential, and neglect 
the P.D.s at the boundaries 
where the different solutions 
jneet, the value of the single 
electrode (or half-cell) 



Zn 


ZnClj 

solution 


— w- is —1-084 volts on the “nor- 

Fio. 77. —Calomel Electrode. calomel scale. 

Another standard electrode 
is the hydrogen electrode. This consists of platinum foil, the 
surface of which is coated with platinum black, immersed in 
acid of normal hydrion concentration ; during use hydrogen g<V9 is 
bubbled over the metallic surface so ys to keeptho platimnu black 
fully saturated with hydrogen. 

When the normal calomel electrode and hydrogen electrode are 
combined together to form a complete ccll,^ « 



1 


N i 


HCl 

N 

KCl 

KCl 

(Pt)H; 

(Normal 

sat. with 


Hydrion) 

HgCl 


' N. ,T. M. Wilsmore, Zeitach. Phya. Chem. 35 (1900), 291. See also 0. N. 
Lewis, T. B.*Brighton and K. L. Sebastian, J. Amer. Cliem. Hoc, 39 (1917), 
2245. 
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the E.M.F. of the cejinbination mriy be fou?id,o^\.he poteilJiome|«r 
to be 0-283 volts * the hydrbftip clectroj^e func^oits as the negative 
pole. Therefore, the potential of the hydrogen electrode, on the 
“ normal calomel scale,” is — 0-283 volts. If, hoa-ever, thf hydro¬ 
gen electrode is regarded as the stanijard clevtrodo of ^jero potential, 
the dhlomel electrode must be assigned a potential of + 0-283 volts 
on the “ hydrogen scale,” • 

Any P.D. expres.sed on the “ normal calomel 'ooalc ” can be 
converted to the “ liydrogen scale ” by adding + 0-283' volts. 
Thus the (‘lectrodo 

Zn I ZnCI, 

was staled above to lx- - 1-084 volts e.vpro.sseil on the calomel 
scale : to express it on the hydrogen scale wo add + 0-283 volts, 
and the result is 

-1-084 d- 0-283 volts -- - 0-801 volts. 

The calomel electrode is rather more easy to iise than ,tJio 
hydrogen electrode, but the hydrogen scale is preferable for the 
expression or electro-chemical ideas. It is often convenient to • 
measure the potential of any half-cell under investigation by 
coupling it with a calomel electrode, and then to convert the result 
obtained to the hydrogen scale by adding -f 0-283 volts. AH. the 
values for single electrode potentials used in this book refer 
to the hydrogen scale unless otherwise stated. 

Some experimenters prefer to work with the “ dccinomal calomel 
electrode,” which consists of the combination, 

H<, I ^ KCl 
" 10 

saturated with 

HgCl. 

This has a slightly diffcrejit potential from the normal calomel 
eleclTrode, namely -f 0-338 volts on the hydrogen scale *; ^•alues 
obtained against this clectrocfe can be converted to the hydrogen 
scale by adding + 0-338 vol's. For special experimental purpo.ses 
the following three electrodes are also used ; the potential of each 
electrode is shown, expressed on the hydrogen scale. •• The first 
two 2 are useful for work with acids, the last ’ for work with 
alkaline solution.s. 

' F. Aiiorbacli, Zeitsch. Ekktrochem. 18 (1912), 13 ; N. E. Loomis and S. F. 
Acreo, .4nier. Ghem. J. 46 (1011),’585. 

* L. .Sauer, Zeitsch. Fhys. Chem. 47 (1904), 14B. . 

“ F. U. Doniian and A. J, Allmaud, Trans. Cheph. Soc. 99 (1911), 845. 
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Hg i sa’titraCed «with 
i HgCl * 

_ «f».D. = 

+ fl‘283 volts 

* 

, v.N HjS 04 
* Hg ! * saturated with , 

P.D. 

+ 0-68,5 volts 

Hg,SO, 



• N NaOH 



,Hg ; saturated with 

P.D. - 

-j- 0-114 volts 


HgO 


Tlie relationship l)ct\veen the values of the " uorTiial calomel ” 
and " hydrogen ” scales are shown at a glance in Fig. 78, in which 
the scales are printed side by side, in the same way as Fahrenheit 
and Centigrade scales are often shown side by side on a thermometer. 
The figure also shows the potentials of some other electrodes, many 
of which will be referred to lah r-. 

“ Absolute Potential Difference.” third .scale of Potential 
will.be noticed in Fig. 7S side by side with the “ hydrogen ” and 
” normal calomel ” scales. This is the so-called “ absolute 
scale,” which is believed by many clectrochemists to*tepresent the 
true P.D. existing between the metal and solution.* The reliability 
of the numbers as an absolute measure of ])otential is, however, 
oper. *0 criticism, and the scale is not largely used. The principles 
upon which the so-called ” absolute values ” for the potential have 
been obtained can only be suggested very briefly. 

The determination of the absolute potential depends on the 
variation of the int('rfaeial tension of mercury with the electrifica¬ 
tion of the surface. 'I’he reluctance of nu'reury to ent<‘r a capillary 
tube is well known ; it is seen when a U-tubc having the one limb 
of narrower bore than thi' other is partly tilled with mercury ; the 
mercury always stands at a lowei' level in the narrow limb than in 
the broad limb. This is attributerl to the surface tension of the 
mercury, a contractile forcii acting along the surface of the metal 
and tending to reduce the surfaec area to a minimum. iTthe 
surface of the tnercury is electrified, fin eleetrostatk; repulsive force 
exists between the different portions of the charge on the ^urface 
and tends to make the surface exjiand, thus decreasing the effect 
of the suafacc tension. We may expect the apparent interfacial 
ten.sion between mercury and any solution-as measured by any 
ordinary method—to be a maximum when thiTc is no electrical 
P.D. at the inlerface. 

* VV. Ostwald, Zciluch. Phy«. Che.m. 35 (1900), 333; E. Nowbory, Trans, 
dhan. €pc. 107 (1015), 852. .Son also H. G. MOllor, Zcitsch. Phys. Chem. 65 
(1909), 250. 
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Flu. 78.—Holatioiislii]) bolwppii Scnios of Siiij;U* Electruclo Potentials. 

The application of the principle to the determination of absolute 
)otential is carried out by means of the apparatus shown in Fig. 79.^ 

^ See V. Rothmund, Zcilsch. Phis. Chem. 15 (18941. *1. ^ 
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T^e velifcl a' cont6[iM itiercury i.t the bottonrf above which comes 
normal l^ydrocliior^c acid saturated Avith calombl; into the acid 
dips the tube'B, the lower end of which has been drawn out to a 
fine capillary; ‘^his tube also contains mercury. The mercury in 
the vessel'afid in the /ube are respectively connected to a source 
of variable P.D. (e.g. a pstentiometer). The manometer DE 
contains paraffin oil, and the reservoir C contains mercury. By 
raising or lowering the reservoir C, it is possible to increase or 
cfecrca'sc the pressure of the air above thn mercury in B ; the 
pressure may bo measured accurately by noting the levels of the oil 
in the two limbs D and E of the manometer. Before the experi¬ 
ment commences, the mercury in the tube B does not quite roach 

the point of the capillary, 
owing to intcrfacial ten¬ 
sion ; its exact position 
can be adjusted by raising 
or low'ering the mercury 
reservoir C. Any altera¬ 
tion in the intcrfacial ten¬ 
sion will cafise a move¬ 
ment of the mercury in 
the capillary, which can bo 
observed by means of 
a microscope; the mer¬ 
cury can, however, be re¬ 
stored to the original 
position by raising or 
lowering C; the increase 
or decrease in the pres¬ 
sure (as measured by the 
movement of the oil in the 
manometer tubes D and E) needed to produce this restoration is a 
convenient measure of the alteration of the intcrfacial tension. 

Now when a small P.D. is applied to the apparatus, the mter- 
facial tension is found to increase ♦or decrease, according to the 
direction of the applied P.D. If the mercury in the tube is^ joined 
to the negative side of the source of P.D., the interfacial teixsion is 
increased t as fee applied P.D. is increased in magnitude, the 
interfacial tension continues to increase slowly, until when the 
applied P.D. becomes 0'56 volts, a maximum value for the inter¬ 
facial tension is obtained, and any further increase causes the 
intcrfacial tension to diminish once more. 

If ne arc right in thinking that the P.D. at the position of maxi¬ 
mum Sitertacial tension is zero, it is clear that the local P.D. at the 

4 



Fig. 70. —The Uelurminatiori of the 
Absolute Value of the Potential. 
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1 0 

tlic total appHid 

E.D. is 0-5t) volts. In that ■■a.s<!, the. taie or “dsb.sohite value of 
the P.D. at tlit surfaia.' of the iiieroury in the vess.:'! A is ( vidently 
0-56 volts. In other words, the potential of the « 

i M fit 'I • * * 

Ht» , ' ,, is + O-oO volts, on the iili.soh>hc .se.ale.” 

I sat. with llgGl 

■ • • 

Having obtainetf the potential of this one staiiihidd electrode on 
the ahsolute scale, it,is I'asy to convert the ixitentials of*other 
'■ lialf-colls ” to the ahsolute scahi; for we hiiow that the i'. D. at 
the electrode 

Hg i ,r ,-,1 is + 0-283 volts, on the “hydrogen scale.” 

*’ j sat. with HgCl 

Evidently, therefore, to convert a potential e.vpressed on the 
hydrogen scales to the ahsolute sei^le, we liave to add 
()-283 volts l)-277 volts. 


'the “ ah.solute potential ’ of the hydrogen electrode is, accoriiiifg 
to this argument, + t)-277 volts; that of the normal calomel 
electrode is ■?- t)-50 volts. 

'I'he fact that the interval between the zero points on the 
“ ab.solnto ” and “ hydrogen ” scale {0-277 volts) is so nearly equal, 
to the interval between the zero points of the “ liydrogen’--and 
“ealoMi-l" scales (0-283 volts) is worthy of notice, although it is 
purely i coint-ideiR-e. 

There are, however, certain dilliculties in accepting the view that 
the ahsolute potential of a mercury eh-ctrode is necessarily zero 
under conditions of maximum interfai-ial tension. For instance, 
the interfacial tension of mercury appears to ri-ach a maximum 
value at a slightly different jiotential ai-i-ording as it is immersed 
in potassium i-ldoride or potassium iodide.* fSinco hoth the.se 
})otentials cannot, represent absolute z(-ro, it becomes doubtful 
whether in eitln-r case the zeto poteutiid lic-s e.vai-tly at the jioint of 
raa.xihiuin intcrfacial t<-nsion. In otln-r iuslances, the discrepancy 
may be far morc*serious. Ccr.'dn dye-stuffs, if added to the lirpiid 
towards whii-h the inf,erfacial tension of mercury is being examined, 
oauso’a married change in the potential at which the interfacial 
tension reaches a maximum value, although these dye.s do«ot affect 
the E.M.F. of a (-ell containing a mercury electrode. 

One plausible explanation is that although the superficial electric 
charge at the mercury .surface itself may be zero under conditions 
of maximum interfacial tensi(m. there, will, nevortheless, be a small 
potential difference existing over the licpiid layer next tej the 

‘ S. W. J. Smith, Phil. Trans. 193 [AJ (1900), 47. 

M.C.—VOL. I. , 
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mercury'surface,'iiUp td'prefereiitial adsorptii^ of either anions or 
cations.*- The (Jisc'’epahcy become^ Very serious'in the presence of 
such substances as dye-stuffs wliich are strongly adsorbed. In the 
case of.,soln^iorls of ordinary salts such as potassium chloride the 
diserdpant'y may nob he large, and the position of maximum inter¬ 
facial tension probably represents approximately the conditiims of 
zero potential. However, until the matter is finally settled, it is 
preferable to rise the “ hydrogen scale ” of potential, and not the 
so-called “absolute scale,” for all practical purposes. 

Before leaving the subject of the varying interfacial tension of 
mercury, it is well to refer to tlie practical employment of th(! 
principle in the “ capillary electrometer.” The apparatus just 
described (Fig. 79) can, of course, be used to detect a small P.D., 

the dii'cction of movement 
of the mercury in the. cajiil- 
lary indicating the sign of 
the P.D. in question ; 
clearly, however, the form 
of apparatus i.s not a con¬ 
venient one. Various more 
portable forms have been 
devised, and that illus¬ 
trated in Fig. 80 has cer¬ 
tain advantages.^ The 
mercury in the left limb 
A of the H-tubo is covered 
with dilute sulphuric acid, 
which meets the mercury 
from the right-hand limb 
B in the horizontal capil¬ 
lary tube C. By means of 
the platinum contacts K and F and the key K the electrometer is 
joined to the points between which it is desired to detect a P.D. 

If a small P.D. exists between these points, a movement of mercury 
takes place in the capillary when the key is depressed ; this move¬ 
ment can be observed in a microscope, or even an ordinary ^ens, the 
direction indicating the direction of the P.D. When th(^ mercury 
has comefto rest, practically no current flows through the apparatus, 
so long as the P.D. applied is small—well below the decomposition 
voltage of water., Thus the apparatus becomes equivalent to a 

* H. Freundlich and P. Rona, Silzungsbcr. Preuss. Akad. (1920), 397 ; 
H. Freundlich and M. Wroschner, KoU. Zeiluch. 28 (1921), 250; Q. Gouy, 
ArmaUs Physique, 7 (1917), 129 ; A. Frurakin, Phil. Mag. 40 (1920), 363, 376. 

® skgV. Smith, Phil. Mag. 5 (1903), 398. Smith also recommends a 
special " mercury key which is not shown in Fig. 80. 



Mercury 



Fig. 80.—Portable Capillary Klectro- 
mutor. 
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sensitive niilli-voltm(Jter of extrenKly higif r^sjlifanc^. 'Ph'o lii^h 
apparent resistanef; is a great^advantage, ai(d- -syi'statbd iij the last 
chapter many elootrochemiste prefer to use a capillary electro¬ 
meter instead of a galvanometer as a doteotor or “ i\jril in.jteiiment ” 
in potentiometer work. ^ * 

In f*|iito of the fact that the current flowing through the electro¬ 
meter is very small, a certain accumulation of dc;oo«ipositian 
products at the two’ mercury surfaces would occur iiiHime and this 
might cause a back E.il.F. which would vitiate the results given 
by the instrument. To avoid thi.s, the .special form of spring- 
key, K, is employed, which “ short-circuits ” the electrometer as 
soon as the pressure of the fingers is relea.sed ; thus any mitiute 
accumulation of decomposition products is at once used up, 
and the electrometer will “ start fresh ne.xt time the key is 
depres.sed. 

Table of Normal Electrode Piftentials. The table given on 
page 32b shows, u[)on the '' hydrogen,” “ calomel ” and absolute ” 
scales, the ” normal cle<'trod(^ potcTdials ” of each of the commoiuT 
metals, that is the IM). e.xistiug—in a state of equilibrium— 
between the metal electrode and a solution containing normal 
concentration of metallie ions. The values are also shown, more 
roughly, in E'ig. 78. In the case of many of tln^ metals, the “ normal^ 
electrode potential ” has been determined by direct measurs-lrfc^it 
against a calomel electrode or against a hydrogen electrode ; in 
the case (d a few metals, notably those like jiotassium which decom¬ 
pose water, less direct methods have been em])loyed. 

It will be noticed that all the highly “ reactive ” metals which 
are readily attackfal by water and by acids stand at the bottom of 
the table, having negative values ; on the other hand, “ noble ” 
metals, which are <mly with dilliculty dissolved by a(.'ids, and 
which are rearlily reduced (o the metallic condition, .stand at 
the licad of the table with high positive values. In subsequent 
(diapters it will be shown tiud the v alue of the normal electrode 
])otential is in many ways an epitome of the chemical behaviour of 
the metal. 

The Convention regarding the employment of negative and 
positive s^gns should bo carefully noted. The reactive metals, 
such as zinc or cadmium, which usually form the negative 
pole of an electric battery, are assigned a negative potential; 
the noble metals, such as silver or platipum, which are 
suitable for forming the positive pole of a cell, are assigned 
a positive potential. This rule is now very generally adopted in 
all countries, but it is worth while to warn the reader that, in njany 
of the older papers, the opposite rule is adopted— zinc is given a 
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positivVi'poWntia'iUnd J,latimn»a negative pi^ential. This lack of 
uniformity has'inithe past given rMc to much'confusion.^ 

It is also hecessary to point out that the reactive metals, with 
negative Wfilues-for the normal electrode potentials, are often referred 
to as “ elec'jjropositLvtf substances ” ; the term implies that they 
readily enter the condition of a positive ion. The word “ electro- 
ppsitive ’• is, perhaps, unfortunate, but there, is no other which 
exactly expraiscs the same idea, and it is impossible altogether to 
avoid the use of it. i 

It should be pointed out that the normal t'lectrode potential of a 
metal varies somewhat according to the surface of the, metal— 
whether rough or polished—and that the potential of a cold-worked 
sample differs appreciably from that of the same sample after 
annealing. 

Effect of Concentration.- ^ The value of the equilibrium IM). 
at the interface 

Metal electrode | Solution containing metallic ions 

will nccessiU’ily depend u|)on th(' concentration of the ions. For 
equilibrium implies that the two opposed reactions of the typi' 

M -M" + 2e, 
and M " -f 2fi M 

are occurring with equal velocity. Now the second of thc,se 
reactions will depend on the concentration of the ions in the solution. 
If the ionic concentration is reduced -that is, if the solution is 
diluted with water- the tendency of metallic ions to ])ass itito the 
metallic condition is reduced. In other words, the potential 
becomes lower (or, if it is already a negative value, more negative 
still), when the solution is diluted. All the values for the potentials 
quoted in the table opposite refer to “ normal coueamtration ” of 
ions ; if the concentration of the solution is other than normal, the 
potential is altered by an amount e([ual to 

HT, ,, 

n 

which at room tempciature (IS'’!',) is rspiivalent to 

(10.5S, ,, ,, 

log,„(J volts, 

where n is thq valency of the metal, and C the concentration of the 

* For the tiistory of t ho rules olKorvcil regarding t hn .sign, seo W. D. Bancroft, 
Trann. Amer. Eledrochem. Soc. 33 (1918), 79. 

2 C. D. Whetham, " Theory of Solution ” (Cambridge University 

Press). 
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TAB^ Of NOBSiAL ELftoTBODF ^OJKlfTI^L/ 

, llydrogen * 

Scale. 


;}25 


i 


No**maI 
Calomel 
Scale .* 


Gold'. 

Idatiuiim'. 

Pttllafliuin'. 

Silver** . . . ^ , 

jMerciiry** (in niereurous sidlw) 

I Antimony' .... 
j Bismuth' .... 

i Ai'senicd. 

( ’o])|)or** (in oupric .sails) 

: .lfydrogen(atmospliorir prossun 

! l.tNid -. 

Tin* (in stannous sails) . 

■ Nickol (aotivo)^ . 

(Jobalt (active)' . 
i Thullium'2 (in tJjallous sail 
j Cadmium' .... 

I Iron® (active in ferrous salts) 

' (’hrornium'' (active) . 

>5ioe’ . . 

Man^^ancso' .... 
.'Muminiiini** .... 
Magnesimn'" (aj)f)rox.) . 
Calcium® (approx.) . 

Sodiuio'®. 

Potas.Si!iia*' .... 


> f 1 08 

> t o-sf; 


r* i0-8() 

> +(ir,8 


^-called 
** Absolute * 
Scalv. 

• 

> + M4 


‘I 


-1-0-79 

> -I-0-51 

> + 107 

d 0-7987 

■1 0-5157 

4 1-0757'“ 

i 0-79li8 

-1 0-5098* 

-( 1 1)098 . 

-1-0-47 

> 1 U-19 

> 1 0-76 

1 o-:t9 

> [ (t-l 1 

> 1 007 

fO-29 

>10-01 

> ) l)-57 

1 0-;{4(Mt 

1 o-oo;i9 ' 

+ 0 0239 

-f 0-000 

-0-282 

+ 0-27 7 

<1 i;i2 

(1415 

1 0145 

oi4i; 

-0-429 

i 0.131 

0-L9I 

0-48 

(-0-08 

ffcLh't 

(1-51 

-)0-05 

o-;i4 

0-02 

-0-00 - 

<)-4;.>o 

(^■7u;^ 

-0-143 

- 0-4;! 

(1 71 

-()-15« *' 

0-47 

- 0-75 

-0-19 

0-770 

- 105;} 

-0-493 

1 OS 

i-:i(i 

0-80 

l■:i;^7 

1020 

- 1-000 

- l-S 

-2-1 

- 1 -5 

1-9 

■ -2-2 : 

- 1 .M 

2-715 

2-998 

- 2-438 1 

2-925 

- :b208 

2-048 


' N. J\ M. Wilsmorc, Zcitsch. Vhy.f. C}nm. 35 (lOiKl), :U8. 

\ «togciunn, J. Amn\ C/um. >'^oc. 40 (lOJS), 84 

(1018) ''' 40 

J Toabe, ,/. Ainrr. (Jhtm. Sor. 39 (1917) 1,7^7. 

•mi Bruyji, iVoc. Amst. .lend. 2o’(1917-18) 

; u/ku Z " r I'y I'- •'^'■*'<^^■1'. Anur. Vhnn. J. 41 

( .09), J)8, who givi-s a satislactoi-y cxplanalion of tlu^ divorgent values 
olilainod by earlier workers. 

0 '[■ *''■ 58 (1!)()7), 301. 

A. H. W. Ati-Ii, l‘roe. AihkI. Arad. 20 (1U17 -18), 812 

r . V l Vl,cm.. 35 (lOOO), :tl8 ; \V. KistittkoBsky, 

.Vof'4/7l82T) SI ‘ ««<»•<'. J- ■■hnrr. Vlni. 

* J. HtyrovHky, a'raii.v. C’hcin. Sor. 117 (1920;, 27, 
f.-Cainjji, A/o:. 7^. Acrai/./A ho i, 23 (I9M), ii. 000 ; 24(11)1,7) i. 817 >)'5‘> 
Oompure H. 1>, Beck, lice. Tmv. Chim. 41 (1922), ;!,73 ; W Kisynkowskv 
yMlsch. BkUrockrm. U (um), nx I- > . vv. jA.,s»nKoBi,k,, 

11 2' ‘““I 'f- A. Kraus, .7. Amer. Clicm. Hoc. 32 (1910), 1459, 

12 S' , Keyes, J. Amer. Chem. Suc.^'ii (1912), 119, 

■r Iir „• U . '** Knde, J. Amer. Chem"Soc.'Z2 (1910), 732. 

^'la is J- rVnur. Chem. Hoc. 44 (1922), 524 

1 . Jk' Kbco.V. Amer. Uliem. Hoc. 36 (1914), 804. 

.^wicr, Ciiem. Hoc. 38 (1910), 2350. 

^'••'•Brislee. J’ran.s. 7’orai7oi/6’«c. 4(1908), 159. Compare I, Ml Hfttl,off 
Zeilsc/i. Anorg. Chem. 119 (1921), 202, who Uncls values 0 01 volts lower. 
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solution' expj'es8e,(| cn 'gram-mfclecules per fitrfi; for a normal 
solution C =jl,*aiii the total altej'ati'on becomes zero. 

The meaning.of the logarithmic expression just; given can be 
expressy^cf in, a Very simple way. Whenever we dilute the solution 
surrounding lan cloctfrfde so ?,s to reduce the ion concentration to 
• 0*058* 

oijc tentluof its former value, we shift the potential by — volts. 

Thus .if we start with a half-cell consisting of a silver (electrode in 
normal silver nitrate ' 

Ag I N AgNOj with a IM). about -f ()-799 volts 

and dilute the silver nitrate solution to one-tenth of the former 
eonoentratiou, so that we obtain the half-cell 

Ag: ^ AgN03 

we ought to reduce the P. D. by about 0-058 volts (since for silver, 
n -h 1). Actually it falls by a slightly .smaller amount, since the 

N 

ionization of N AgNOj is rather less complete than thaV of - - AgNOj. 
If wc again dilute the solution tenfold, obtaining the cell 

Ag : AgNO. 

we ought again to reduce the potential by about 0-058 volts. If 
we combine the last two half-cells, so as to obtain the complete cell 

Agi JJ^AgNO^I j^AgNO,|Ag, 

the combination ought to produce an E.M.P. of 0-058 volts, a.s.suiu- 
ing that the P.l). between the two solutions can be neglected. 
Nernst found by experiment that the combination balances a P.D. 
of 0-055 volts—a sufficiently good agreement. ‘ 

A cell of this kind is known as fo-concentration cell ; it will be 
obvious that the E.M.F. provided by a concenti-ation cell will 
always be a low one unless the difference between the concentrations 
in the two halves is very great. The provision of a very low but 
constant concentration of silver ions in the “ low concentration ” 
half of the cell is conveniently obtained by keeping a sparingly 
soluble salt iff suspension. For instance, a solution of potassium 
chloride containing silver chloride in suspension has a concentration 

* aW Ifomst, “Theoretical Chemistry”; translation by H. J. Tizard 
(Macmillan), 1916 edition, p. 800. 
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of silver ions coiisi(^eiably less ilian •000011'* norfcal,»and tlio 
potential of the naif-cell • . * 

. j KCl saturated 
^SjwithAgGl .• 

theraforc differs vci’y much from tlCit of tRe half-ceil 


or the half-cell 


Ag I N AgNO;i solution 
N 


Ag 


10 


AgNO,. 


In fact, by combining it with one of those half-cells, we obtain a cell 


Ag 


KCl saturated 
with AgCl 


JJ, AgN03 I Ag 


which, although both electrodes are composed of the same metal, 
balances a P. l). as high as 0-52 volts. 

It is the concentration of metallic forts which is of importance in 
determining tlu! potential, not the total concentration of metal In 
solution. T]jis is shown by the lichaviour of a metallic electrode 
immersed in a solution of a compilox salt. Contrast the jjotentials 
of the following half-cells ' : 

I N 

Ag j ^ AgNO;, -p 0-7ii volts 

' N 

Ag I ^ AgCN.KCN -j- O-ln volts 

Agj ^ AgCN.KCN-p ^ K('N - 0-37 voltsj 


(approximate 
values only) 


In all three ca.ses there is tlie same amount of .silver in solution, but 
m the first case it exists as ordinary metal cations, whilst in the 
complex cyanide solution it exists, for the most part, as the com¬ 
plex anion (Ag(CN) j J'. Th* concentration of Ag’ ions is very small, 
especially in the last case, where potassium cyanide is jiresent in 
excess ; hence the P.l). is .shiftl'd to a marked extent in the negative 
direction. , 

The syitiiration in the jwtential of coj)j)er caused by the presence 
of cyanide in solutions is shown by the following striking experi¬ 
ment. When the ordinary Daniell cell 

Zn I ZnSOj | CUSO4 | Cu. 

yields a current, the zinc acts as the attackable (negative) electrode. 


* Founded on data given by F. C. Frary and R. E. Porter, Trans* Amer. 
JSketrochem. Soc. 28 (1916), 307. ' 



32^8 METALS AND METALLiq, OOMtoUNDS 

But if th^ \)lscli of,copper ^sulphate a se^iitiou of potassium 
oyMiido is usti l,',sc|ii!i ti) produce thqi poll 

' Zn I ^!nSO, | 'KCN | Cu 

the coppel l)^coli»es the attackable {negative) electrode, and zinc is 
forced' outs' of, solution.(i The (;.urrcnt produced therefore passes in 
the opposite direction.^ ' 

This is an explanation of the fact that, towards'cyanide solutions, 
"piol)le ■’ metals like gold, silver and copper «Inch withstand tin' 
action of ordijiary reagents so uelt behave rfs (juite easily attacked 
substances. In tlie cyanide solutions these metals exist, not as 
cations, but as complex anions. 

Electrode Potential of Hydrogen. Of all the elements men¬ 
tioned in the table of normal electrode potentials, hydrogen alone 
is not a metal. 'J’hc so-called hydrogen electrode, tin; ])otential of 
which is taken as zero on the hydrogen scale,” consists of 
blackened plat inum saturated with hydrogen under one atniosphen^ 
pres.sure and immersed in a solution containmg normal concentra¬ 
tion *of hydrogen ions (e.g. 1-3 N hydrochloric acid, or 2-1 N sul¬ 
phuric acid). > 

The case is of especial interest because not only can wc vary the 
concentration of hydrogen in the electrode, by saturating the 
platinum under a pressure of hydrogen greater or less than one 
atmospliere, but we can also- alternatively—vary the concentra¬ 
tion of hydrogen ions in the solution, by altering the acidity of the 
liquid employed. Either of these variations will cause the e(pnli- 
brium P.l). to depart frotn zero. 

For the existence of e(pnlihrium demands that the two oppo.site 
reactions 

(1) H., - 2H- -h2c 

and (2) 2H'-h 2c H , 

should occur with e(|ual \eloeity. Now if th(> concentration of 
hydrogen in the electrode is increased, change (I) is favoured. .Jlu^ 
equilibrium potential is therefore made negative by any excess of 
pressure of the hydrogen gas used trysaturatc the dlectrode, but is 
made positive if a pressure below one atmosphere is. employed ; 
this has b(!en exjierimcntally verified by different observer,s.^ 

The alteration caused by varying the hydrion concentration of 

^ See \V. Hittorf, Zritftch. Phys. (.'hiW: 10 (1892), .^>92. For further details 
of the effect of cyani(^f^ on the potential of cojtper, see F. Spitzer, Zcitsch, 
JSleklrochem. 11 ft905), 34.5, 391. 

“ G. N. Lewis and M. Randall, J. Atncr. 6'fiem. ,S'oc. 36 (1914), 1909 ; J. H. 
Ellis, J, Amer. Chem. Soc. 38 (1910), 737 ; N. E. Loomis and S. F. Acree, 
J. Avten Chem. Soc. 38 (1910), 2391 ; W. K. llainsw'orth and 1). A. Macimies, 
J. Ame^%hAn. Hoc. 44 (1922), 1021. 
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the solution is far n|ore striking, i)ccause n gr()aceT |('ariation can 
conveniently be * b.X/tight •tlbout. For Jiign Ifco'ngcntr^tions V)f 
hydrion, solutk>ns containing adid are used. But et4n pinx^ water 
•—quite free from acid—is to a very small extent iynized,.according 
to the equation ^ ° ^ • 

• H,0 H- +• OH' 

and therefore contiiin.s liydrion. The concentration of fiydi'ion*in 
I)ure water is about but it is still further dinnnislicd by fl* 

addition of alkaliiui suBstanees (iontaining free hydroxyl ions to the 
water- as would be (“xpected from the Law of Mass Action; a 
normal solution of alkali lias a liydrion concentration of about 

l(r»<N. 

'I’lie variation in flic potential of the plalinnm saturated with 
hydrogen at atmosplierie pressure and immersed in liquids of 
varying hydrion eoneentration at J 8“ ( can bo calculated from 
tile equation 


Since for hydrogen v 


0-058 

H 


log t'. 


1, this becomes 


E - O-OoS log G. 


For J-3 N hydrochloi ic acid, the liydrion concentrat**»i*« is 
normal, and C ; 1, log C ; 0 

Fo.- neutral water, (1 10 '^ , log (1 -= -7 

For normal alkali, C ^ 10'^'', log (I - ■ 14 


Hence we have for the electrodes: 

I’l H i (above normal 

' " I hydrion concentration). 


F. I). is |iosilive. 


Ft H !'■'* N. Hydrochloric acid O-OOO volt. 

' ] (normal hydrion concentration). 

T-t, H, I Neutral water. *F I). . 7 xO-OhH . -0-406 volt. 

Ft, Hj I Nofmal alkali, PoD =^- 14 > 0-058-== 0-812 volt. 

'I'lic follov»ing cell, which can be regarded as a hydrion concen¬ 
tration aell, furnishes a P.l). of 0-83 volt, 


Pt saturated 

Acid of 

Alkali of 

Pt saturated 

with hydrogen 

normal 

normal 

• 

with hydrogen 


hydrion 

hydroxyl 

• 


concentration 

concentration 



The Effect of Oxidizing Agents upon the Potential .“''Many 
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writers “give Va'ijlfii <jf fiormal electrode potifitials which include 
values reVitint tc c(cygeA, chlorine, bK)mme and similar non-metals. 
It is, of coutse, impossifilo to prepare elcctrodee from these 
materials,' })ut "tiiey can exist adsorbed ujjon the surface of an 
unattackar!)lej electrodij—such as platinum—or dissolved in the 
solution in which the electrode is immersed. • 

IThe presence of oxygen in an electrode always renders the 
potential moro positive- that is, it renders the'metal more noble, 
dertaih metals, such as iron and nickel, i.vhich are moderately 
reactive under ordinary cireumstances, acquire comparatively 
" noble ” properties when they contain oxygen. 

The presence of bromine or iodine in the liquid surrounding a 
platinum electrode also renders the potential somewhat more 
positive. The same is true of the various soluble oxidizing agents, 
such as potassium permanganate, w'hich can be regarded as 
equivalent to oxygen acting infder high pressure. The potential 
of a platinum electrode immersed in a solution of an oxidizing agent 
can be regarded as an indication of the vigour of the oxidizing agent, 
as is shown in the table below. 

Various reducing agents—substances which can bo regarded as 
equivalent to hydrogen under pressure—are included in the table 
^or the sake of completeness; reducing agents naturally tend to 
mailw^'.he potential of platinum less positive. 


Name of Oxidizing Agent or^Reduclog 

Agent In Solution. 



P.D. at Platinum £lec> 
erode (Hydrogen Scale}. 

Oxidizing agents t— 

Potassium jjcnnangaiiate . 



4-1-48 

Chlorine in acid solution . 



. -fl-39 

Potassium iodute .... 



. -fl-21 

Bromine in polassiuni bniinide 



. -l-ll,'; 

Chromic acid .... 



. -fll2 

Nitric acid ..... 



. 0-98 

Ferric chloride .... 



. -f 0-9(i 

Chlorine in alkaline solution. 



. -i- 0-8B 

Potassiiun dichromate . 



. -H 0-78 

Iodine in jxitassium iodide . 



. -1- 0-61 

Reducing agents :— 

Ferrous sulphate in atdd 



. -f 0-fiu 

Sulphurous acid .... 



. --f 0-44 . 

Ferrous sulphat^, neutral 



. + 0<35 

Potassluift arsonlte 



+ 0-23 

Stannous chlorido in acid 



. -f 0-22 

Hydrogen in acid 



. + 0-00 

Chromous acetate it alkali . 



. - 0 -31 

Stannous clUoride in alkali . 



. - 0-68 

^ Filii^en examples are given by W. 

Oatwald» 

“ Outlines of General 

Chemistry " ; translation by W. VV. Taylor (Macmillan). 
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Electrode Potentials of Reac»ive Metal^. ' of «io metals, 
belonging to the “A groifj^ ” of th§ jferiocfcc *ta ;le ate highly 
reactive substances which cannot be deposited elc;ctr6lyticslly from 
an aqueous solution of the salts. In such cases the d(;,tftipiination 
of the norniUl electrode potential presents ctfficulty, jTfib electrode 
potefitial should represent the equilibrium between a metal and its 
ions, according to a balanced equation of the typt^ • • 

M ^ m; + c. * . • 

In order to ensure that the potential measured really rcpre.sents 
this equilibrium, it is desirable to ascertain the fact that when the 
|>otcntial is depressed below the supposed equilibrium value, metal 
is actually deposited according to the capiat ion, 

m; + «=- M, 

and that, when the potential is flevated somewhat, metal pa.s.se.s 
into solution, according to the reverse change, 

M == ivr + e. 

If a metal wllmot be deposited from aqueous solution—as is the ease ' 
with such metals as vanadium and tungsten the significance of 
the equilibrium potential measured on the jiotcntiometcr becomes 
doubtful. Certain experimenters claim to have measiijeii.. the 
noriisal electrode potential of metals of this character ; but, although 
the an tiracy of the measurements is not questioned, it is doubtful 
whether it represents the equilibrium 

M M’ + C. 

It may for instance represent the equilibrium 

H 1=111’ + (’, 

since there is always occluded hydrogen present at the surface of 
electrodes made of these metals, Eurthermore, there is consider¬ 
able doubt as to the concentration of cations in solutions of metallic 
salts of this character; it ik probably maiidy duo to the small 
conceptratipn of cations in the solutions that metals like tungst ..n 
cannot, be deposited clectrolytically from an aqueous solution. 
The published values for the normal electrode potential of such 
metals as tungsten—although not altogcthcn' devoid of importance 

.have a significance quite different from th.e values ascribed to 

such metals as copper and silver. 

In the case of metals like sodium and potaasium, which decompose 
water, values for the electrode potentials have been obtained by an 
indirect method, in which the amalgam is employed. * Uetails of 
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this mettSiil, appeArs to be<quite satisfac|i3ry, must be sought 
elsewhere.,* 

Use of Electrode Potential Measurements in* Volumetric 
Analysif.' .Tp 6rrlcr to render familiar the notioTi of electrode 
potentials,'it is convetii'iit here to refer to certain applications of 
potentiometer work to voluni6tric analysis. 

'Phe ordifiary method of estimating an acid sobition by titration 
with alkali in j^resence of an indicator such a,s litmus or phenol- 
phthalein, becomes unsatisfactory in certain‘eases. J’or iastance, 
if the solution contains (s)loured .substances as is the (tase in many 
of the acid liipiors used in tanning the colour change of the in- 
dhtator cannot he observed. Again, if the solution contains the 
salts of wi'ak acids, the (uilour-change is often gradual, and theri^ 
is doubt as to what point should be regaicled as the end-point; 
frequently, dillerent indicators shpw their distinctix e colour changes 
at quite different points. 

In such cases, the method of electro-titration is very helpful.- 
It depends on the variation in the jiotential of the hydrogen elec¬ 
trode according as the liquid is acid, neutral or alkaline. The 
normal calomel electrode is u.sed as the second half-cell, and the 
E.M.K. of the combination can lie calculated in the tlnee |)nssiblo 
cases. 

I’t.hj ! Aciil i Nonnal Calomel E..M.F. = 0-283-0 00 - 0-283 voUs 

! elect rode 

Pt.Hj i Noul rul Normal Calomel E.M.F. --0-28:!-(-0-100) -- 0-08!) volts 
I liquid electrode 

Pt,11-2 I Alkaline Normal Calomel K..\l.l''. - 0-2S3--(-0-812) - 1-OO.'i volts 
; liquid ; electrode 

A useful fortn of thi^ a[)|)iiratus employed is siiown diagrammalic- 
idly in Fig. HI. The hydrogen tdectrode consists c.ssentially of a 
piect! of blackened platinum foil, P, supported by a picett of plati¬ 
num wire stalled through the glass tube T. It is surrounded by th(> 
slotted glass hood H, into which hydrogen gas is passed through 
the side tube S. The whole is immeri^id in the liquid to be titrated 
contained in a beaker. The level of the slot is such that the liquid 
always covers half the surface of the platinum, and the hyifrJgen 
is introduced intd’ the hood at such a rate that a bubble escapes 
from the notch every second or two ; after the gas has been bubbled 
through the liquid for 10 minute-s the platinum is saturated with 

' (a. N. Lewis and H. A. Kraus, J. Amer. Ckem. Soc. 32 (1920), 14.^9; 
G. N. Lewis and F. G. Keyes, J. Amer. Chem. Soc. 34 (1912), 119. 

* J. H. Hildebrand, J. Amer. Ckem. Soc. 35 (1913), 847 ; H.S. Sand and 
D. J. LaVj»/.,6'oc. Chem. Ind. 30 (1911), 3. An older method is described by 
W. Bdttger, Zeitsch. Phys. Chem. 24 (1897), 253. 
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hydrogen, but the |jbubbling shomld bo t^roi^nont tho^ 

titration in order to onsiire* Wiat it rcmaifis ,sa*u«it'd * 

The end oi the tube of the'normal calomel ejcelrode N is also 
introduced into the liquid, and the connecting Iqitds fron^ the two 
electrodes are joined (o an ordinary imtentiiomder, w IdclMs adjusted 
so to balance- and thus raeasun the I'l.M.F. provided by the ■ 
combination. ■ t • 

With the acid Inpiid placed in the, boak(‘r the co»ibination yields 
at the beginning alanit O-ll volts ; when alkali is added gradually 
from the burette, tlu^ E.Al.F. rises slightly, but, as long as acid is in 
distinct excess, the rise is lad small. .Just before neutrality is 
obtained, however, the E.M.F. rises sharjily, and, when alkali is 
actually in excess, the combination requires a P.D. of about a 



volt to balance it. The “ neutrality ])oint ” is taken a.s being the 
point when the IM). is equal to 0-(i!l volts. 

When the salts of weak acids an' ])resent iji the liquor to be 
te.sted, the rise of K.M.F. isless sudden, and it is easy (o umha.stand 
why an ordimny indicator .s^iould giv(' a gradual colour change ; 
with tlu^ (‘leetrical imdhod, liowi'ver, llnu'c is never any doubt 
abont’tlu^Tnd-point, which is always taken as the moment wlicn 
the. cofld)ination produces an E.M.F. of O-tiO volfc. ^ 

It is possible to u.se the .sanie apparutu,s to observe the ])otential 
at which the characteristic colour changes of different indicators 
occur, and from the potential the hydrion 'conoentration which 
determines the colour change can ea.sily be calculated from the 
equation,, 


E 0'058 log_C. 
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By thSi mcthVcF, for i«stanoc,»it lias been f(|jnd that*:— 

Phenoljilithile’m’(turni» pink \vher#4he hydriem concentration 
drops below S X lO'^^N. 

Methyl (OrangCj^ turns from orange-red to yellowish-orange when 
the hyifiie'ii concentrfi^on driros below 5 x 10"*N. 

Laemoid turns veiy graduaUy from red (at lO'^N) througli*red- 
victlet (10 t°N), violet (10"^N) to blue (10'*N). • Litmus shows a 
'similar gradual, colour-change from red through violet to blue. 
The violet range corresponds to about the hydrion concen¬ 

tration of pure water. 

It is now clear why methyl orange is not turned distinctly red 
by carbonic acid ; carbonic acid is a feebly ionized acid and has, 
moreover, a small solubility. The hydrion concentration even of 
the .saturated solution is never as high as 5 10'* normal, and 

therefore this acid cannot cause the colour change. 

Another application of electtical methods to determine the, 
end-point in I'olumetrie analysis concerns the titration of oxidizing 
a^nls by reducingagents, and vice versa.- For instance, the estima¬ 
tion of ferrous iron in the presence of chlorides is nearly always 
carried out by titration with potassium diehromate. *No marked 
coloiu' change accompanies the reaction, and in ordinary practice it 
is necessary, after each addition of diehromate, to ascertain the 
progress of titration by testing a tlrop of the liquid with a drop of 
potassium ferrieyanide on a j)orcelain slab. As long as ferrous 
iron remains in the .solution, a blue precipitate of ferrous feni- 
cyanidc is obtained. This method, however, occu|)ies time, and, 
in the presence of colloids or of eohmred substances, it may be very 
difficult to tell when the end-jioint has been i'caeh('d. 

Here again the introduction of a calomel and platinum electrode 
into the solution gives a combination, the E.M.I'’. of wdiich changes 
suddenly as the end-point of the reaction is readied. In this case, 
a bright platinum electrode can be employed, and there is no 
occasion to keep it saturated with hydrogen. The solution must be 
kept vigorously stirred throughout the titration. The eombinafion 

Ft I Ferrous salt | Normal Calomel Electrode 

gives an E.M.F. which when measured on the potentionjeter is 
about 0-2 colts. Potassium diehromate can now be run in from 

^ K. Salm, Zaitsc^h. PJufs. Cfiem. 57 (1907), 471. See also K. B. R. Prideaux, 
“Theory of Indicators” (Constable). 

* G. S. Forbes and E. P. Bartlott, J. Amer. Chem. Soc. 35 (1913), 1527 ; 
J. C. Hostettcr and H. S. Roberts, J. Amer. ('hem. Soc. 41 (1919), 1337 ; 
G. L. Kelley and R. T. Bohn, J. Amcr, Chem. Soc. 41 (1919), 1779; G. L. 
Kelley, JT R!" Adams, and J. A. Wiley, J. Ind. Eng. Chem. 9 (1917), 780. 
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the burette. The fi|st additions jauso little ^cht.n^(y'i;i flic value 
of the E.M.E. As, howevsi^ the eiid-peint is >£11 proached the 
E.M.F. rises rapidly, and as sobn as the dichromats is present in 
excess, the E.M.F. of the cell, which can then be written. 

^ r*t I Dichromatc | Normal Caloi*!**! Electrside* 

is about 0-8 volts. . It is customary to take the “ cnd-poiyt ” as ijie 
point at which th(J E.M.F. becomes equal to 0-58 ^J:>)ts. 

The method has b<#3n applied to the converse operatioh, the 
titration of chromates with ferrous iron. In this case, of course, 
the E.M.F. falls suddenly—instead of rising suddenly—as the end¬ 
point is approached. It has also been found useful for the titration 
of a vanadate solution with a ferrous solution, in the volumetric 
estimation of vanadium.^ 

Finally, the elevation of the potential at a platinum electrode 
caused by the presence of an oxidising agent has been used for th(^ 
estimation of small quantities of hypochlorites in sterilized drinking- 
water,^ and also in the titration of hypochlorites, at greater co^na'i*- 
trations, by arsenious acid.^ 

Summary. It is found possible to regard the equihbrium 
E.M.F. of a cell of the Daniell type as the difference between the 
“ single potentials ” of the two “ half-cells ” or “ single electrodes ”, 
(tlu! P.l). at the junction between the two liquids being ^asuidly 
small). By choosing a given “ half-cell ” (e.g. the “ normal calomel 
electrode ” or the “ hydrogen electrode ”) as a standard, and fixing 
the potential of that “ half-c(.‘ll ” as zero, wo can express consistently 
the potentials of other single electrodes on a scale ; thus the “ normal 
calomel” and the “hydrogen” scales— differing by 0-283 volts-— 
are arrived at. The so-called “ absolute scale ” is based upon the 
assumption that the P.D. at a mercury surface really becomes 
zero, when the interfacial tension of the mercury is a maximum ; 
this is probably not quite triu', and the “ absolute scale ” is seldom 
used. • 

• t 

'I’he P.l). existing between a metal electrode and a solution of 
one of its salts dt-pends not oily upon tlu- character of the metal, 
but upqn tly; concentration of the ions in the, solution. By doter 
mining,/ir calculating, the potential of a metal agjiinst a solution 
of normal ion concentration we get the “ normal electrode potential ” 
of the metal. We can arrange the metals in order of their “ normal 
electrode potentials,” and thus obtain a scrips—the “ Potential 
Series ”—in which the noble metals like gold and platinum (with 

' G. L. Kelley and J. B. Conant, J. Amer. Ghem. Noc. 38 (1916), 341, 

* K. K. Kideal and U. R. Evans, Analyst, 38 (1913), 353. • 

* W. D. Treadwell, Hein. Ohim. Acta. 4 (1921), 390. ‘ 
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high pifjitivh''JiotcijtMs- according to thet'present oonveiition 
regarding sigtts)>'stt'-nd rtt the top, aitl' the reactive metals like zinc 
and potassium (with negative potentials) stand at the bottom. 
The valuft of tln\ normal electrode potential epitomize.s the stability 
or reactiv»H.y of a met-ql. 

The P.J). at a metal electrode varies with the concentration of 
cations iirthe solution, a metal becoming virtually loss “ noble ” in 
a dilute solution, and especially in a solution in wbich it exists as 
complex anions instead of as normal (iati.ms. Thus silver and 
copper, which behave like noble metals towards an ordinary salt 
solution, behave like reactive metals towards cyanide solutions. 

The potential of hydrogen is extremely interesting ; it varies 
with the concentration of hydrogen in (or upon) the electrode¬ 
material, and also with the concentration of hydrogen ions in the 
solution. 3’hc potential of hydrogen-saturated ])latinum in an 
alkaline solution dilTers by abftut 0-8 volts from that in an acid 
solution, being lower (more negative) in alkaliiK! .solution. This 
ftickis used in the electrometric method of titrating acids by alkalis 
■—which is convenient in coloured solutions, and in other t^a.scs 
where, the employment of an indicator is impossible. 

'I’lio potential of an insoluble electrode like plat inum is rendered 
.highly positive by the presence, of an oxidizing agent, in the solution, 
biA is* ;lepres.sed by the presence of a reducing agent. An electro¬ 
metric method of titrating oxidizers by reducers and vice versa 
is based upon this fact. 



CHAPTER X 

POLARIZATION AND OVERPOTEN'ITAI. 

Polarization. In the last, (^haplcfs we. tiiiv<! dealt with the 
})otentials of eell.s and lialf-eells eoiTe.spoiiding to eqiiilibriiini con¬ 
ditions ; in the present eliapter, it is necessary to consider how 
these potentials alter when current connnences to flow. 

It has be(')i stated, for instance, that the electrolytic decom¬ 
position of zinc bromide connnences as soon as the ajiplied E.M.F. 
exceeds 1-8 v(dts. Rut, if the decomposition is to take place al^aify 
considerable rate, this critical potential must be exceeded by a con¬ 
siderable anioiint; the greater the exce.ss potential employed, 
the qtiicker the current is pushed through the cell, and the quicker, 
therefore, docs the decomposition occur. Part of this excess 
potential falls over the liquirl within the cell, but a good dec’ is „lso 
accounted for by the fact that—when the current is increased— 
the pov< utial at each electrode alters. 'I’hc potenf ial at the cathode 
becomes more negative than the equilibrium value of the electrode 
Zn I ZnBr.,, and the electrode is said to be cathodically polarized ; 
meanwhile the potential at the anode bcciorncs unduly ]>ositive, 
and the electrode is said to be anodically polarized. 

'I’he .same sort of effect is seen in eurreut-])roducing (tells. Con¬ 
sider oiute more the Daniell cell, in a state of (‘(piilibriiuu, it 
balances a P.l). of T096 volts. But, when the Danicdl cell is made 
to yield a current, this full E.M.F. is not necessarily obtained. If 
an accurate voltmeter be connected across the terminals of a Daniell 
cell, which is made to yield a current through an external circuit, 
an E.M.F. less than 1-090 volts will be registered ; the lower tli. 
resistance of the external circuit is made^—and the higher the 
current which the cell sends round that circuit--the» more the 
E.M.F. drops below the equilibrium value. 

The two causes of the drop in the E.M.F. are explained graphically 
in Fig. 82. In a state of equilibrium (Fig. 82 (a)'j, the full P.D. 
of 1-096 volts is produced, this being the algebraic difference between 
the single potentials at the copper and zinc poles. But whqn the 
cell furnishes current round an external circuit (Fig. 82" (6)), a 

M.O.—VOL. I. . 337 Z 



338 METALS AND METALLIO COMPOUNDS 

fraotioAfef t\eivolta.gc-produc8d falls over Ifie electrolyte within 
the cell—the resistance Of which is niJt negligible ; only the portion 
which falls outside the cell is registered on the voltmeter. There 
is, howevef, a .focond important cause for the low reading on the 
volttfietei'I’he single potentials at the two poles .re no longer 
equal to the equilibrium values; the zinc has become anodically 
polarized,-and is less negative th.an before ; the «oppcr has become 
cathodically j.olarized, and is less positive than before. The 
algebraic difference between the two is no longer 1-096 volts, and 



L-;.o 

(ajEut^i/ibrium(Balance) ib) Current Production 

Fig. 82 . —Dis(rilmtion of I’olimtiid in iJaniell (.'oil (lii-ciiit (a) in state of 
Balance, (6) wht'ii protlncing (/urrent. 

the higher the current the cell i.s called upon to produce, the less 
will the E.M.F. of the combination become. 

A particularly interesting case is that of the cell 

(hi ! CuSt)4 j Cu 
solution I 

Hero the single potential at e.ach electrode i.s—in a state of equili¬ 
brium—the same, and the combin.ation .as a whole has a etftical 
E.M.F. equal to zero. However, when a current's forced through 
the cell the potentials at the two electrodes are no longer the samo 
as before. The single potential at either copper electrode* can be 
determine whflst the current is passing, by inserting ftie tube 
of a calomel electrode into the copper sulphate solution right against 
one of the copper electrodes, and joining both the calomel and the 
copper electrodes to a potentiometer. It is found that, when 
current passes, the potential at the cathode becomes less positive 
(cathpdicaUy polarized), whilst that at the anode becomes more 
positiv(? (anodically polarized). The higher the “ current den- 
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sity ” (that is, tiic inurrcnt per uftit electrodi! ivt'oa) becomes, t^c • 
greater is the amount of ‘polarization or efepari iro <rom the 
equilibrium phtential. The polarization of a ocll of this kind 
corresponding to different values of the current deasit 3 - lij sknwn by 
the curves of Fig. 83.^ Curve C shows the t.ithodic [ olarization— 
the departure of the cathodic potential from the (^qtiilibrium value ; 
curve A shows the anodic polarization, whilst curve T*reprc.scfits. 
the total polarization, the arithmetic sum of the polarization a', 
the cathode and the*anode. The total K.M.F. which must he 
impressed upon the cell to obtain any parthudar current density 
will greatly exceed the total polarization, since it will include the 
potential falling ova^r the liquid between the t'lectrodes, the magni¬ 
tude of which will dcpetid upon the distance between the electrodes 
as well as upon th<! con¬ 
ductivity of the solution ; 
the total K.M.F. for one 
])articular cell is sug¬ 
gested by the curve K. 

The ocetyrence of 
])olarization is l)v no 
means surprising, Al¬ 
though a very small 
(h'parture from the equili¬ 
brium potential should- 

at a reversible electrode p -^^-" zoo 

_cause a slow transfer- Current Density. MUHamperes per sq.cm. 



Illation of atoms from the i,.,,, sn.-lVIai-i/.ai iea on ilio Cell 
ionic state to the metal- Cn | t'n.S 04 | Cn. 

lie slate or vice verea, 

yet the velocity of this ehaiigi' will be limited.- As the potential 
is altered further from tlu' (‘((uilibrium value, the velocity of the 
ihangc increases and the curn'iit- |i('r unit, area, which is a measure 
of the vi'locity of the' chauf^, increases also. 'J’o every jKissiblc 
value of the polarization, a definite current density correspond-s. 

In many cases, if the eurrei.i is allowed to flow through a cell 
for some time and is then shut olT, the iioti'iitial at each electrode 
slowly rejiurns to the equilibrium value ; but, in ccftain instances, 
the. effects of polarization are coraiiaratively permanent, the 
potential at the anode remaining abnormally high, and that at the 


^ O. P. Watts, Trans. Amer. Ekctrochem. Soc. 19 (1911), 103. Compare 
also D. Reichinatein, Zeitsch. Eleklrochem. 18 (1912), 850, who has studied the 
effect of acidity on the polarization of the Cu ] Cu” electrode. 

* “ Limited reactional velocity ” aa the primary factor in jxilarizatipn is 
rightly insisted on by M. I^e Jllaiic, Zrilsch. Klrktrochvm. 6 (1900), 472.^ Com¬ 
pare, however, W. Block, Ann. Pht/,s. 22 (1007), 505. 
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cathode VbncJrA ally -low, long tCftcr the currdht has been stopped. 
Tills is often, dilc^o the pre.sence,o? gases (oxygen at the anode, 
hydrogen at the cathode) which have been produced by the action 
of the .current. ' In other cases, the persistence of the abnormal 
potentials ern be. rrtoTcd to change.s in concentration around the 
electrodes produced by the passage of current.^ For instance, in 
tKo cell ' 

Cu I CuSOi I Cn ,, 

referred to above, the solution next to the cathode where copper is 
being deposited quickly may become more or less exhausted of 
copper ions and that round the anode will become more concen¬ 
trated than the body of the solulion. 'I'bese (amcentration changes 
will produce an alteration of potential at each electrode ; the 
])otcntial will become less po.sitive at the cathode and more positive 
at the anode. The “ concentration type of polarization ” is of 
course greatly reduced by the mechanical stirring of the solution. 

' Marked polarization occurs at a much lower current density when 
complex salts are employed than when simple salts alone arc present 
in the solution. The potential at the cathode - 

Cu I KCN.CuCN, 

for instance, alters much more quickly with increasing current 
density than the potential at the cathode ^ 

Cu I CuSOi 

The difference is no doubt due to the comparative paucity of Cu" or 
Cu’ ions in the complex salt bath, in which local exhanstion of ions 
readily occurs. Moreover the fact that in the cyanide bath, the 
current carries the cop])er - as a whole- away from the cathode, 
instead of towards it, must help in causing polarization. 

“ Overpotential ” accompanying the Evolution of Gas.'* 

' Concentrat ion cliaiigos, due to “ liTnitcd velocity of diffusion ” us hji 
important factor in polarization is well sliou-n by the work of NoniisliaiKl bis 
pupils. Sco K. Salomon, Zeitsch. Phyf<. (Jhem. 24 (1897), 54 ; 25 (1898), 365 ; 
U. ( Jrassi, Zell.-ich. Phys. (Jhem. 44 (19(‘3), 460 \ W. N-jrnst, 47 (1904), 52 ; 
W'". Xenist aiul E. S. Mt-rriarn, Zeitsch. Phys. (Jhem. 53 (1905), 235. Other 
jiapers worth consulting are those of F. O. CottroH, Zeilse^. PJys. (Jhem. 
42 (1903), 385 ; ,A. H. W. Aten, Proc. Amsl. Acad. 19 (1917), 653, 785. 

^ F. Sfitzor,‘‘Zcitsch. Khktrochem. 11 (1905), 345. 

G. Cofletti and F. Focj-stor, Ber. 38 (1905), 2934. 

* Note : E. Nowliery, Traw. (Jhem. <S'oc. 109 (1916), 1051, 1066, 1107, 1359, 
uses the word “ overvoltage ” in a sense dilToront from that in which other 
workers employ it, since by means of a commutator he measures the P.l). 
at an electrode after thtf [xilarizing current has been shut off. He thus obtains 
only the permanent polarization. The reader when r(‘forring to his papers 
should bear this in miial. Newbory’s attitude i.s critifazod by D. A. Moclnnes, 
J. Amef'.KJhem. Soe. 42 (1920), 2233. Practical work by 8. Dunnill, Trans, 
Chem. Soc. 119 (1921), 1081 indicates that Newbery’s method is less satis* 
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Where the electrodic reaction is such as w9ul^ caijf e. the •Volution 
of gases upon an electrode,special typfc of p’oWiiiatiQrt is nfet 
with. If, for instance, a small E.M.F. is applied to an electrolytic 
cell filled with dilute acid, and is gradually incrja.sed, ane would 
expect that the evolution of hydrogen gas wojild commitBce at the 
cathcale as soon as the potential at tiie cathode is depressed below 
O'O volts. A.s a matter of fact, if tlie cathode con.si.st.s of»blackei*ed 
platinum, the evolution of hydrogen in bubbles cerumences at a 
cathode potential of* —0-005 volts; but, with other electroJe 
materials, it does not begin until a far more negative point is 
reached ; at a zinc cathode, for instance, it only commences when 
the potential readies - 0-7 volts. The difference between the 
potential at which bubble-formation commences and the true 
equilibrium potential is called the overpotential; it depend.s on 
tlie nature of tlie cathode material, and also on the character of the 
surface, being greater upon a .smdotli surface than upon a rough 
one. The same electrode will, however, give different ovcrpotential 
values at different time.s, and the di.screpancy between the v»lu?.- 
obtained by different experimenters who have used different 
methods for measuring it is very great. 

The following table .show.s the cathodic overpotential of hydrogci: 
evolution upon various surfaces a.s obtained by Caspari using an 
acid solution,' The numbers refer to “room temperaiurc ” 
ovcrp.itential falls off' rapidly as the temperature ri.ses. 


riatinuin (black) 

OOO.j volts 

Copper . 

.... 0-22 volt 

Platiimm (briglii) . 

(10!) 


. . . . O^S 

Gold. 

0-02 

'I’in 

. . . . o-r»;{ 

Silver. 

0-15 

Lead 

. . . . 

Nickel. 

0-21 

Zinc . 

. . . . 0-70 

Iron (Newlxfry'sinethod^ 


Mereiit y 

.... (I-TS 


about .... 0-2 


Overpotential although a form of polarization—should be 
distinguished clearly from the i/mdual change in potential with 
increase of current densit}' which has been discussed at the beginning 
of this chapter. The ordinary type of polarization, such as occurs 
in the deposition of copper from a sulphate bath, can—in general- • 

• • 

factory than tlie " direct method " commonly employed. New4)ery's reply 
to Diimiill oppoars in Trans. Chem. Sor. 121 (1922), 7. 

* Those values—except in the case of iron—aro those given by W. A. 
Caspari, Zeitsch. Phys. Chan, 30 (1889), 89. See ulsc-H. Nufton and H. D. 
haw, Trans. Faraday A'oe. 3 (1907), 150, for values in alkaline solution. J. 
Tafel, Zeitsch. Phys. Chem. 50 (1905), 712, lias measured tlie catliodic P.]>. 
at higli current densities and his numbers include the effect of ordinary 
polarization. Other measurements have been made by A. Cochr, Zeitsch. 
Phys. Chem. 38 (1901), 609. 
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be made' /leglij'iHl^' anjall* if we arcf content to cawryput our electrodic 
reaction '\ery slowiy^—that is, at a very small current density ; it 
seems essentidlly to be connected with the limited’velocity of a 
chemical le^ctioii—or the limited velocity of the diffusion of salts. 
But the “• overpotent)!^^ ” which attends the evolutioli of a gas in 
hubbies is dinerent. It cannot be overcome by working at low 
velocity. .Until the cathodic potential at a smooth zinc electrode, 
for instance, differs from the equilibrium potential by 0-70 volts, 
hydrogen gas i.s not produced at all- or at least not in the form of 
bubbles. For this rea.son, those tln'orics wliieh ascribe over¬ 
potential to the sluggishness of some stage in the eleeti'odic reaction 
appear, to the present atithoi’, t(j be unsatisfactory. ‘ 

As a matter of fact., it is easy to find an analogy for the pheno¬ 
menon of overpotential.- All o\ir e.xperienee rc'garding the evolu¬ 
tion of gas in buhfilcs goes to show that bubbles are never produced 
until there is considerabki siqfersaturation or siiperfieating. .\ 
simple example is afforded by the boiling of water. At 100" ('. tlie 
vtpOTir pressure of water is (‘(pial to that of the atmosphere, and 
al)ove 100“ it exceeds that of the atmosphere ; mwertheless it is 
))ossible to heat air-free water in a ves.sel with smooth, clean sides 
as high as 100" before the formation of bubbles occurs; wlnm 
ti;oiling doe.s occur, just above 100“, it i.s of the violent character 
known -..s “ bumping.” if the water contains dissolved air, small 
air-bul)l)les are produced on heating the liquid and these form nuclei 
for the formation of steam-bubbles ; in such a case, there is litth; 
or no super-heating, ebullition occurring quite smoothly at about 
100°. Any roughness on the sid(\s of th(i v(‘ss<'l likewise aids the 
formation of steam-bubbles, and serves to ])revent super-heating. 

Super-heating is very generally regarded as a surface-tension 
phenomeTion. Very minut(^ hubbies jio.sscss a very large surface 
compared to their volume, and, since their content <jf stirfaei? 
energy is very great, they constitute! an unstable form of matter. 
Now all bubbles ar(! necessarily miimte at the moment of their 
formation, before they have had time to grow to greater size, and 
this fact prevents the inception of bubbles when th(!'vapour pressure 
of the liquid only slightly exei'cds that of the atmogphcfc. If, 
however, the temperature is raised to lOli", the vapour pressure 
.so much OKceeds that of the atmosphere that even these minute 

* The theory of C.W. Bemiett and .1. G. Thompson,*/. Phys. Cheni. 20 (1910), 
290, although of great fcaterest aikJ no doubt containing an clement of truth, 
caimot scarcely bo accepted us a whole. There is likewise difliculty in accept¬ 
ing the tlieory of N. Isgurischew and S. Berkmann, Zeitsch. Elektrochern. 28 
(1922), 40, 47. 

* U.'K^Gyans, Trans. Faraday So<\ 9 (1913), 310 ; also Trans. Faraday Soc, 
18 (1922), 10. 
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and unstable bubbles can bo fornjed, and^ whei9t>n«e a,t}ucleus- 
bubblo has been produced^ 't grows with ai^'qbrost explosiro 
velocity, and bumping ” is tiic result;. 

The phenomenon of ovcrpotontial can be interpreted qualitatively 
in rather the, same way a.s “ bumping.” Suppose that »ji*etectro- 
lytie eell is litted with a zinc cathode rnd Ls lilled with acid, and that 
a gradually increaeing H.M.F'. is a])i)lied to it. When tip catholic 
potential reaches O-O volts, the surface of the zinc myst Ite regarded * 
as saturated with hyd»ogcn. When it reaches - O t volts, it muSo 
be supersaturated ; but no Itubbles of hydrogen are formed. A 
very little hydrogen may be removed by diffusion tlirough the zinc 
or by combination with dis.solved oxygen, and consequently a certain 
very small “ leakage-current ” may pass continuously, which 
represents the replacement of this removed hydrogen. But no 
current' of any appreciable strength passes until a cathodic potential 
of 0-70 volt is reached. At tllat point the supersaturation of 
the zinc becomes so great that bubble-formation becomes jtossible, 
ami, hydrogen gas being evolved freely, the current passing bec^mws 
quite consideraltlc. 

'I'he surface fension theory ^ ex^ilains readily the fact that rough 
surfaces have a smaller overpotential than smooth ones ; any 
irn'gularity in the surface is favourable for the formationof bubbles. 
There ajtpcars to be a general connection between the ovcrpoteid ial 
and tim “ angle of contact ” made by the larger bubbles of hydrogen 
as they cling to the metal of the electrode, an angle which also bears 
a relation to the surface tension. Qualitatively, therefore, the 
“ sui'face tension theory ” of ov(U'[)otcntial seems to explain the 
facts. 

When we attempt to study the matter quantitatively, however, 
dilliculties arise. It is possibh^ roughly to calcidatc the degree of 
supersaturation which corresponds to the different overpotcntials 
observed. Amalgamated zinc, for instance, has an overpotential 
of 0-88 volt; and, according to tlu^ simjdest method of calculating, 
this .should correspond to a hydrogen pressure of 1(B“ atmos[)heres.'" 
Apparently, it would require a gaseous pressure of atmospheres 
to saturate the electrode with the gas to the same extent as ocoims 
every time an amalgamated zinc cathode is u.sed in the electrolysis 
of an acid solution. The method of calculation flmployed is cer¬ 
tainly not exact, but undoubtedly the degree of supersaturation 
must be very great- if hydrogen is thought to exist in the electrode 

^ H. G. Moeller, Zeitsch. Phy.s. (Jlwm. 65 (ly09), 226. The view receives 
considerable 8upjx)rt from the important work of D. A. Maciniies and L. 
Adler, J. Amer. (^hem. 6‘oc. 41 (1919), 194. » 

® K. Newbeiy, Trans. CItem. Soc. 109 (1910), 1359. * 
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simply ail a dbsaJVed gas. A gord deal of thought has been devoted 
t<y accounting for the esistence of a (system involving such a high 
supersaturatidn. Newbery prefers to think that the hydrogen 
exists in the cat^iode as an unstable metallic hydride ; the fact that 
the value 6f the ovcrpotential of a metal seems to have a connection 
with the valency lends this’view some support. It is possible 
that he is jight in thinking that some sort of combination between 
‘hydrogen and»the cathode metal does occur, but it is doubtful 
whether hydrides of definite formulas are ever produced. In any 
case, such compounds would appear to be rather the elTect of over¬ 
potential than the cause. 

It is, however, probable that the hydrogen which determines 
the potential of a polarized cathode exists- not dissolved in the 
metal—but adsorbed upon the metal, as a film only one atom, or 
perhaps one molecule, thick. The total amount of this electrically 
active hydrogen existing upon the cathode is ])robably very minute, 
and the ordinary ideas of s\iy)ersaturation therefore scarcely apply 
to such a ca.se.^ 'The present writer has put forward the suggestion 
that the hydrogen adsorbed at the cathode surface is in a state 
intermediate between the atomic and ionic conditions.- 

Oxygen Overpotential. Ovcrpotential also occurs at an anode 
in cases of electrolysis where the evolution of oxygen gas is aimed 
at." IP'js rather difficult to determine directly the potential at, 
which oxygen ought to be evoh’cd if ovcrpotential did not occur. 
But the eqiiililrium potential of the electrode, 

-Metal saturated Acid of 

with oxygen normal hydrio]i 

at 1 atmosphere concentration 

jiressnre 

has been proved, by an indirect method, to be -f- 1-2!! volts.“ 

Under ordinary circumstances, it is always necessary to apply 
a higher potential than + 1 •2:f volts,before oxygen evolution in 
bubbles occurs, the excess jaitential (or o\ci’potential) being sdfown 
in the table below.'* It will be notj^ed that only hhe noble metals 
can be used a.s anodes in an acid .solution under circumstances which 

* Another view, of ovorpotentiut, also based upon tlio idea of an Adsorbed 
film, is givAi by E. K, RidenI, J. A?fier. Cima. iSoc. 42 (1920), 1)4. See also 
H. V. iS. Knibbs, Travn. Faraday Foe. 18 (1922), 14. 

^ U. R. Evans, Tra^m. Faraday Foe. 18 (1922), 10. 

® W. Nemst, Elr.ktrochcvi. 11 (190.5), 835. Comparo G. N. Lewis, 

Zeiteck. Pfiy.f. iJheni. 55 (1900), 405, and also J. N. BrOnstod, Zeitsch. Phys. 
Vhem. 65 (l‘J09), 84. 

* V'alue.s in acid solution (pjoted from W. A. Caspari, Zeitsch. Phys. Chew. 
30 (ItOip. 89. Values in alkalino solution, obtainod from results by A. 
Coohn and Osaka, Zeitsch. .tnory. (Jhem. 34 (1903), 80. 
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give rise to oxyg^ evolution ; oth$r metaHi v^ou^^l(^iend taaissolve 
anodically, and consequenth, no niunbert. can'be giveij for the 
oxygen overpotential upon these materials. In an alkaline solution, 
some of the more reactive metals can be used as ja.solublo anodes, 
and the oveipotential of such metals can ^ivs be detefmined. 


Alkaline Solution. Acid Solution. 


Nickel, spongy . . 

0-05 

• • 

• 

Nickel, smooth ...... 

012 « 


Cobalt . . • . 

0-13 

• * 

Iron ........ 

0 24 


Platinum, blade ...... 

0-24 

0-39 

Platinum, smooth ..... 

0-44 

0f>2 

Copper ^ 

^ 0-25 


Lead [ tlioso metals are visibly oxidized 

0-30 


Silver 1 before oxygen is evolved 

0-40 


Cadmiufri j 

. 0-42 


Palladium • 

0-42 

(1-3!) 

Gold. 

0'r>2 

O-.SII 


It slioiild l)(^ ]ioin(.(‘(l out, however, that there is strong i“vic|j'nia! 
for thinking that .soini^ sort of o.xide-film is generally forineU iqion 
the anode hW'ore oxygen evolution takes place ; in some cases, 
lead for in.slance, the formation of the o.xide-film is obvious to the 
eye, but in other ease.s, e.g. platinum, the surface of the anode 
undergoes no visiiile alteration. The mirnber.s obtained for <'ho 
overp .tential vary very much according to the method used for 
detornoiiing it, and alter with the conditions under which the 
investigation is carried out. 

Ovorpotential lias also been noticed in the anodic evolution of 
eliloriiie gas by the electrolysis of the solution of a chloride.^ 

Action of Depolarizers, if to the solution surroundhig the 
anode of a cell a reducing agent is ailded, whicli is able to react 
with—and roiiiovi'- tlie oxygen aeeiiiiuilating tliere without the 
production of hiihl.iles, we can eondiid tlie electrolysis at a lower 
anodic potential than is nesded where oxygiui has to lie evolved 
in gaseous form. Similarly, if the cathode is siirroiiiidod by an 
oxidizing agent, vo arc enabled to pass current through the cell at a 
less negatiyo cathodic potential, because the hydrogen is cor • 
tinuousjy removed in a form which does not involve the formation 
of gas. Indeed—if the oxidizer is a vigorous one—th» hydrogen 

^ In, addition, tho typo of polarization whicli occurs when nickel is deposited 
from Ml aqueous solution has, apparently, more in eommpn i^dth tho over- 
potential of ga.s evolution than witli tho normal polarization such as attends 
copper deposition. It seems that deposition will not take place within 
0*1 volt of tho oquilibrimn P.D. even at very low current density. The 
matter requires further investigation. See K. P. Schoch, Amtr.^hhn, J.t 
41 (1909), 209. 
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concentration' iift tho, electrode unay be kept permanently below 
the saturation value, and, in that case^'current can pass continuously 
at a potentiaUwhich is on the positive side of 0 000 wits. 

Even dtssolvtSd oxygen acts in this way. 'I’lie electrolytic decom¬ 
position of acidulated, water into oxygen and hydrogen should 
theoretically lie possible at any E.M.F. exceeding 1-23 volts r this 
theoretical K.M.F. is made uj) of the difference between the equiU- 
briuni value at the two electrodes. Thus:— 

I’.J). of the electrode H, | H' . . . 0 0 volts 

P.D. of the electroile Oj | H' . . . + 1-23 volts 

Difference — 1-23 volts 


In practice, using platinum electrodes and air-free water, owing 
to the o\ erpotential at both poles, we liave to apply a much higher 
E.M.F.. l-() to 1-8 volts, before much current begins to pa.ss. Hut, 
if we employ water containing dissolved oxygen and use a large 
cathtide, so as to give plenty of scojie for the removal of hydrogen, 
a very appreciable current can be passed through the cell by means 
of a much lower E.M.F.—about 1 volt.' The dis.solvTd oxygen is 
said to act as a “ depolarizer.” 

Use of Depolarizers in Primary Cells. I’robably tho most 
interesting examples of oxidizing depolarizers are provided by the 
various forms of primary cell, and it is highly instructive to trace 
very briefly the evolution of practical current-]>roduciug batteries. 
'I’he original cell invented by Volta in the year 1800 consisted of 
t wo plates of zinc and copper immei’sed in dilute acid ; in this 
simple couple, the zinc passes into the ionic state at the negative 
|)ole, according to the reaction 

Zn ; Zn" -f 2e, 

whilst on the copper (positive) ]iole, hydrogen passes from the 
ionic to th(> atomic condition 

2H- -f 2e == 2H. 

When first the plates arc immer.sed in the acid, tho E.M.F. 
produced often exceeds one volt, but as the hydrogeii begins to 
accumulat(“ on fne copper pole, the potential at that pole—which 
is at first positive— becomes zero and finally negative; when 
hydrogen begins to be evolved in bubbles, the E.M.F. of the com¬ 
bination has usually sunk to about half a volt. 

A distinct improvement, due to Sraee, was the substitution of a 

platinjzcd silver plate for the copper plate as the positive pole; 

* 

‘ C. N. Hitchcock, Trans. Amer. Electrochem. Eoc. 25 (1914), 416. 
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the rough surfac^faailitates the liherationijf hy'i^r^eii inwubbles, 
and, by reducing the overpotc • tial of hydrogen-g«'n«iration, jhcreaf<*s 
the working H.M.P. of the coll. 

Even in such an arrangement, Jiydrogen can ijf^er W evolved 
until the positive pole is saturated with tlu^ ‘p,s. It, hoWevfir, an 
oxidi25ng agent is added to the liquid, the hydrogen cun be removed 
as it is formed, and the eoncemtration of hydrogen at tte positwe 
pole can be kept extremely low ; the E.M.E. of the eell is aeeonlingljr 
increased. In the dlcliromate cell, for iu.stanee, potassium 
dichromate or chromic acid is addc'd a.s an oxidizing depolarizei, 
and eai-bon, which is unattac^ked by these reagenis. is used as the 
po.siti\'e pole. 'I'he arfangement produced. 


Sul))hui-ic acid 
Zinc I and 

Chromic acid (ll .jCi'O.,) 


Carbon 


yields an E.M.h'. of about 2d volts. It. will be remembered tJiat 
in the lust chapter attention was called to the high (ixjsitive) P.D. 
prodiuasl whe“u an unattackable electrode, like platinum, was sur¬ 
rounded by a strong oxidizing agent like potassium diehromate. 

In nearly all forms of practical primary cells, zinc is used as the 
negative (attackable) element, and carbon as the jxisiti e (i.a- 
attack dde) poh'. 'Ihe cells differ from one another mainly in the 
ehoku! of the oxidizing depolarizer. Diehromates and ehron.'u^ 
acid have the advantagr^ that^ when tlu^ cell is working- they do 
not act on the zinc chemically to any great e.xtent, although, as 
•soon as the current, is shut off, it is well to raise the zinc pole out 
of the solution. In the Bunsen Cell, however, nitric! acid is the 
depolarizer, and, if this ai!id were to come into direct contact with 
the zinc, it would ;ittack that metal; therefore, a porous partition 
niu.st. be u.sed to shut olV the nitric acid surrounding the positive 
(!arbon poh' from the zinc, .The cell consists of the combination. 


• Zinc 


Dilute ' Dilute i 


I’arbon 


and yiejfls about 1-9 volts. ^ 

Of greater practical value, are the cells in which n» solid de¬ 
polarizer Is used. In the Leclanch6 cell, the carbon positive 
rod has a mixture of granular carbon and,manganese dioxide 
rammed tightly round it, the whole mass being contained in a 
porous pot. Outside this comes a solution of ammonium chloride, 
containing the negative pole which consists of a .stick ^)f tzinc. 
The combination can be written 
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The E.M.P. produced by the cell is about 1-5 volts Vhen fresh. 

PracticaKy speaking the whole of the granular mass functions 
as the positive eleoteodc, and it has thus a large active surface. 
Nevertheless, solid depolarizers, sueh as manganese dioxide, in¬ 
variably act more slowly than dissolved ones ; and, if the Leclanche 
cell is called uf/on to produce a high current for any length of time, 
hydrogen begins to accumulate at the positive pole, and the E.M.F. 
drops below a volt; the cell is then said to bo “ polarized.” If, 
however, it is allowed to stand idle, the hydrogen is gradually 
removed by the mangane.se dioxide, and the I'l.M.F. rises once more. 

The so-called “ dry cell,” which is merely a Leclanche cell 
adapted for transport without danger of ” spilling,” is descrilied 
in the section on mangane.se (Vol. II). 

Another useful cell with a solid dejxdarizer i.s the Lalande.’ 
This consists of the eonibination 
NaOH ’ 

Ainv ■ 1 .. ( i]() (onpor 

, sol U110 fl I ; ' 

The cupric oxide (CuO) reacts with the hydrogen formed at the 
nositivo pole, becoming converted to cuprous oxide (CuAl) and 
even te metallic copper. The cell yields about a volt when fre.sh, 
but, as the cujiric oxide becomes reduced, it falls considerably. 

Efficiency of an Electrolytic Process. The Current Effi¬ 
ciency of an electrolytic process has already been referred to. 
Faraday’s Law states that !Ki,58{) coulombs of electricity (aboiit 
2 G-8 ampere-hours) will be siillicient to d(!posit at a cathode the 
equivalent weight of any substance expressed in grams. But it is 
possible that more than one .substance may be produced at the 
cathode. For instance, in the deposition of nickel from a solution 
of nickel chloride containing acid, oidy part of the current may bo 
employed in depositing nickel, inucli being concerned with the 
evolution of hydrogen ; this evolution causes necessarily a lowering 
of current efficiency. 

Another important cause of low current efficiency i.si introduced 
if a salt of a ny-tal like iron, which has two ions Fe " and-Fe"', is 
present id the cell, in which deposition is going on. In this case, 
much of the current at the cathode is taken up in reducing the 
ferric ion to the ferrous ion according to the equation 
Fe"' -{■ e - Fe" 

* Soe A. J. Allmanil, " PrinoiploH of Applied Eloctroclioniistry ” (Arnold), 
*912 edition, pp. 203-200. 
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'4 „ 

If afterwards thq feijrous ion is carried by*ti|p sti"/ing of»tihe bath 
to the anodic surface it agair, becomes oxfdizecl’to the ferric iort 

. 

Fe" = Fe'“ 4- e 

and can thoii return to tlie cathode, and oijcc more R« deduced. 
It istevident, therefore, tiiat a small amount of iron salt may con¬ 
tinue to act as a waster of current for an indefinite time.. The ojily 
method of preventing this from happening is to diiride the t;oll by* 
means of a porous partition, and thus prevent ferrous iorts frohi 
travelling from cathode to anode. 

If, at any time during electroly.sis—or after the cui-rcnt has becTi 
shut off—the nickel deposited is chemically attacked by the a(fi(l 
in the hath, or hy the o.\idizing agents present, the yield of metal 
obtained is clearly re.duced ; this constitutes another reason for 
the diminution of the cuiTcnt efficiency of the process as a whole. 

When, therefore, at the end ftf the ojieratiou, wc weigh the 
deposit and express the weight of nickel actually obtained as a 
percentage of that wdiicli would bo expected from Faraday’.s T<y,w*“ 


011 the assumjition that all the current has been devoted to the 
deposition of nickel- - the current efficiency of the proce.ss is obtained, ' 
1’hc current efficiency of technical electrolytic processes is usually 
fairly high ; it commonly exceeds 70 per cent., and simietimcs 
the manufacturer obtains as much as 95-98 per cent. of<>th 0 *811- 
matcil yield. 

On t!tc other hand, it is generally necessary to apply to the cell 
an E.M.F. considerably in excess of the theoretical decomposition 
voltage if the jirocess is to be. carried on at a reasonable speed. A 
(ionsiderable P.l). must be made to fall ovi-r the liquid within the 
cell to obtain the nece.ssary moveinent of ions towards the elec¬ 
trodes ; in adilition, at each electrode, polarization occurs, which 
increases as the currmit density is raised ; and wlnu-e a gas is to 
he evolved at an electrode, overpotiuitial has to be provided for. 

^f the theoretical decoin])t)sition voltage is expressed as a fraction 
of tlie working E.M.F. employed, the fraction is a measure of the 
E.M.F. efficiency of the lyocess. F'or instance, if the th('o- 
retiea^ decomposition voltage is 2-2 volts and the working E.M. f. 

* 2-2 
applied to the cell is 3-3 volte, the fraction is - •= 0-()7. 

3-3 • 

The energy efficiency denotes the theoretical energy required 
to bring about a change eleotrolytically exjiy’ssed as a percentage 
of the energy actually consumed imdcr working conditions. Since 


electrical energy = quantity of electricity x 1’.!). 
the energy efficiency is obtained by multiplying the CiJtrent effi- 
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cionoy l-y the fraction representing the E.F.F. efficiency. Tims 
if the current ehidiency of a proce.ss ,'s 00 per cent., and the E.M.F. 
efficiency is the energy efficiency is 

O-OT A 00 per cent. ^ (iO per cent. 

Efficiency of a Current-Producing Cell. 'I’he conceptions 
oLcurrent efficiency, E.M.F. elKciency and energy efficiency can 
equally well te .applied to a current-producing cell. Faraday’s 
Law holds good here also, and conse(p]entiy 32-()8 grams of zinc 
sho\dd jjroduce 06,680 coulombs (or 20-8 ampere-hours) in whatever 
form of cell it i.s consumed, assuming alw.ays that the zinc is only 
dissolved in s\ich a way as to generate current. If, however, in a 
cell, the zinc suffers local corrosion, of a kind that geiu'rates no 
current outside the cell, wo shall not obtain the eoinplete, 0(i,.68() 
eoulomhs of electricitiy. By expressing the quantity actually 
obtained as a |)creentage of llfat theoretically ]rossible, wo havi^ 
the curroTit elliciency of the cell. 

' Each cell has a certain maximum E.M.F. (l-Offb volts in the ease 
of the Daniell cell). If—owing to ])olarization or to the f.act that 
})art of the total P. D. falls within the cell itself - it actually yields 
a lower P.D. over the external circuit, we can regard the fraction 

E.M.F. actually t)btained 

maximum E.M.F. possible 

as the E.M.F. efficiency of the cell. The product of current effi¬ 
ciency and E.M.F. effioieney gives the energy efficiency, 'riie. 
energy efficiem-y of primary cells in common use is usually high, 
sometimes (Ml per cent. 

Summary. 'IIk^ eciuilibrium value of the jKitential at an 
electrode surface alters when a (airrent jrasses, becoming lowei' 
(more negative) at a cathode and higlun- (more positive) at an 
anode ; this departui-e from the e()uilibrium value is called polari¬ 
zation. Thus although an E..M.F. ju.st exceeding the cquilil’rium 
value will send a slight current through an electrolytic cell, the 
equilibrium value must be exceeded by a considerable amount if 
a large current is to be forced through. A current-prgducing 
cell likewif;p .shAws polarization, the total E.M.F. yielded by the 
combination dropping off whenever it is required to generate a high 
current. Polarization is due partly to the naturally limited velocity 
of electrodic reactions, partly to concentration changes at the 
electrode surfaces (due to the limited velocity of diffusion), and 
partly^ to the accumulation of products of reaction (e.g. gases) in 
or on thP'electrodes. 
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Whilst the polarizjation a^tendirg the (icposition of w|Ws can 
usually be rendered negligilj” smsfll by workiig my slowly, i,e. 
at a very small current density, the evolution of (;Mes ’does not 
commence at all until the equilibrium potentiaf Js pasned by a 
definite amount, called the overpotential., 'ifie ov^^ITofiential 
depends on the nature of the electrode niifterial am. also on the 
character of the surface, being smaller for a rough surfijee thaq a 
smooth one. It is closely conneided with surface tension, and is' 
probably due to the abnormally high surface energy of minute gifs 
bubbles ; every bubble is minute at the moment of its formation. 

An oxidizing agent at a cathode, or a reducing agent at an anode, 
usually acts as a “ depolarizer,” destroying the products of de¬ 
composition before they arc able to accumulate, and thus rendering 
the potential needed for the passage of current less negative in the 
first cafto, and less positive in the .si'cond. The critical decom¬ 
position E.M.F. of acidulated wate#is 1-23 volts, but a current will 
pass between electrodes immersed in acidulated water containing 
dissolved oxygen at a much lower voltage. ^ • 

In current-jiroducing cells, oxidizing agents (dichromates, nitric 
acid or manganese dioxide) are employed as depolarizers to kcej) 
the hydrogen-concentration at the positive pole as low as possible. 
Cells containing depolarizers necessarily give higher E.M.F. s than 
the old type of cell in which gaseous hydrogen was produced, even 
thong/, in the older type overpotential might be practically over¬ 
come (a - in the Since cell) by the employment of a positive pole 
with rougluaied surface. 

The current elficicncy of a jirocess of electro-dcjiosition is the 
yield of metal obtained at the cathode ex|)ressefl as a percentage 
of the. yield calculated by Faraday's Law. It drops below 100 
J)(>r cent, if hydrogen is evolved, or if an oxidizing agent (e.g. a 
ferric salt) is jiresent in solution which will be reduced cathodieally 
(thus wasting current), or which, allernativcdy, may redissolve 
the deposited metal (thus re/lucing the yield). 

Thd E.M.F. elliciency is the theoretical E.M.F. needed for the 
decomposition expri'sseci as a fraction of the E..M.F. actually cm 
ployed.^ It is reduceil both liy'polarization and by overpotential 
'I’he eneix efficiency is the product of the current elficieiu/y and 



CHAPTER XI 

THE DEPOSITION OF METAL UPON THE CATHODE 

General. There arc numerous occasions on which it is desirable 
to deposit a metal electrolytically from a solution of a salt. It will 
facilitate the understanding of the present chapter, if a few of the 
more important cases are mentioned. 

(1) In the electrolytic reduction of a metal from the ore, the 
ore (roasted, if necessary) is leached with an acid (or other reagent) 
so‘!is to give a solution of a salt of the metal hi question. This 
solution is then electrolysed, in a cell fitted with an insoluble anode ; 
the metal is deposited on the cathode, and the acid is regenerated 
as a result of the anodic reaction, and can be used to leach more ore. 
When the cathodic deposit becomes inconveniently thick, it is 
removed and melted down in a furnace. In this case, therefore, so 
long as the deposit is sufficiently coherent to hold together until 
it reaches the furnace, the physical character is not of great im¬ 
portance. 

(2) In the electro-refining of a metal, soluble anodes consisting 
of the impure metal to be refined are immersed in a bath containing 
a salt of the metal; tlic cathodes usually consist of thin sheets of 
jiure metal. Under ideal conditions, pare metal is deposited on 
the cathodes and a nearly equal amount is di.ssohod at the anodes. 
The impurities either remain undi.s.solvcd as an “ anode sludge,” 
or, if dissolved, are not co-duposited bn the cathodes. Here-Agahi, 
t he cathode deposit is generally remelted before use, in which case 
only a moderately coherent form' of metal is needed. However, 
attempts have been made at different times to dopoJt the pure 
metal in^the form in which it will finally be used, thus avoiding 
the proce.ss of remelting; if such an attempt is to succeed, an 
extremely non-porous, compact deposit is called for. 

(3) In electro-plating, a very thin but extremely smooth and 
coherent film of metal has to be deposited upon an article of another 
metjil, which is made the cathode. A soluble anode consisting 

•of the toetal to be deposited is generally employed, so as to keep 
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the bath replenished. In’Sectro-plating Jhe extreme smeOthness 
of the deposit is’essential, so thai» it will^tak(! n, nigh ji^Jish ; ^it 
must be non-^orous and strongly adhcont. • 

(4) In electro-analysis, the complete depositi'oji of a» quantity 
of metal from a salt solution upon a eatlindi^ w<‘iglied»Ijcfo»'e the 
process, is required, an iiLSoluble ano le beiiljr invariably employed. 
Here the deposit must be sufficiently coin-rent and adherent,to 
allow of rapid drying without oxidation and aernrate weighing;* 
it must contain the whole of the metal in the .solution, but nothirfg 
else besides. 

Now, although all these ]H'ocesses ai-e essentially dilTen-nt, the 
changes occurring at the cathode are governed in each case by the 
same principles, and arc not directly affected by what may be 
proceeding at the anode, although they may' he affected indirectly 
if the aSiodio reaction introduces a change in the coinj)osition of the 
solution. It is possible to study# cathodic changes in a general 
mannei' without reference to the accompanying anodic changes, 
and the pre.sent chapter will he (k-voted to the study of “ cattipdic 
deposition.” 'riie succeeding chapter, on the other hand, will be 
devoted to '•anodic dissolution,” con.sider'cd ((uite independently 
of the accomjiaiiying cathodic change. 

Current Efficiency in the Deposition of Different Metals,. 

Let us first consider the electrolysis of a salt of a oomparativi-ly 
” nolu-^ ” metal, a metal which stands well above hydrogen in the 
Potential Scries—copper, silver or gold, for instance. In such a 
ease, the decomposition voltage is low ; the application of a com¬ 
paratively small E.M.K. will serve to retluce the potential at the 
cathode below the electrode potential of the metal in question, and 
discharge of the ions will eommenee, causijig a deposit of the metal 
to form upon the cathode. Since there is, as a rule, no other reaction 
that can occui- at the cathode, the current ellicicuey is u.sually 
extremely high. 

But now consider the deposition of a salt of nickel, a metal which 
stands below hydrogen in the Potential Scries, Here it is necessary 
to apply an .li..M.F. sufficient to depress the cathodic potential below 
- 0-2 volts, before the deposition is theoretically possible ; acduallj, 
in ordej to obtain depo.sition at any appreciable speed, it must be 
depressed much lower, say to —0-5 volts. ^ At such a value, 
however, there is a great likelihood that hydrogen evolution may 
also occur. If the nickel salt solution contains a strong acid, the 

^ See E. P. Schoch, Atner. Chcin. J. 41 (1909), 221-227 ; ospecitilly curves 
on page 225. It should bo noted that the values of the potentials referred 
to by Schoch arc oxpressotl on the so-called ''absolute'' seikH. 

M.O.—VOL. I. 


A A 



364 


METALS AND METALLIC COMPOUNDS 


cathodb becomes saturated with hydrogen at about 0-00 volts, and 
although, owin^' to overpotential, the evolution of gas may not 
occur until the cathode potential icaohes about —0-21 volts, it 
will be taking place freely at, say, — 0-5 volts. Hence the de- 
positior. o^ nickel from a strongly acid solution is always a very 
inefficient operation ; nuch of the current which passes is used for 
the evolution of hydrogen, and not for the production of metallic 
nickel. 

If the nickel salt solution is neutral, the hydrogen evolution 
is largely prevented. The equilibrium potential 

Hj I Neutral solution 

i,s ()40C volts, and, owing to overpotential, hydrogen is unlikely 
to be evolved until tlie cathodic potential is depressed to about 
— 0-6 volte, a value more negative than that required for the deposi¬ 
tion of nickel; the current elhciency is therefore much greater 
when we use a neutral bath.' However, as wilt bo explained later 
on, a neutral bath usually gives an incoherent deposit of iiietal, 
owing to the co-deposition of hydroxides. If a good deposit is 
aimed at, a feeble acid—such as boric or acetic acid-' which yields 
a low hydrion concentration—is employed. Although this actually 
allows the production of a certain amount of hydrogen, the current 
elJjcieiiQy of the ju'oeess is usually fairly high (70-80 per cent.). 

As we pass down the Potential Series, the efficient deposition 
of metals become.s— on the whole—more and more difficult. There 
is a remarkable exception, however, in the case of zinc which can 
be dej)osited at nearly 100 ])er cent, efficiency from pure .solution.s, 
even when they contain a small concentration of a weak acid. 
This fact is due to the remarkably high value for the over- 
potential of hydrogen-evolution upon a smooth zinc surface. So 
long as the zinc deposit remains smooth and free from impurities, 
hydrogen-evolution does not take ])lacc at the potential needed for 
the slow deposition of zinc ; but, should the .surface become rough 
or spongy, or .should traces of metals of low overpotential (sitdli as 
copper or iron) get into the hath, and be dcpo.sitcd along with the 
zinc, hydrogen-evolution at once .stkrts and the current efficiency 
drops ; or again, if the current density is made too high, ’causing 
the cathodic potential to sink much below — 0-770 volts, Vigorous 
hydrogene-volution will occur, and the current efficiency will be 
low. 

Some of the.other metals in this part of the Potential Series are 

* E. F. Korn and F. G. Fabian, Ehclrochem. Ind. 6 (1908), 366. See also 
L. H.^ammond, Travs. Arner. Eh^trochem. Soc, 30 (1910), 127 ; K. Riedel, 
7eit«ch. Mfktrodient. 21 (1915), 5. 
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very difficult deposit from aqucou# splution. Th*! efficient 
deposition cf manganese,’• for instance? roq«ir"S careful coritrol, 
of the curreiW; density ; the current ofuciency is greatly reduced on 
adding a small amount of acid to the solution, ai^>, if lai^e amounts 
are added, it sinks to zero. The depo,siti( n/rom aquwAis jlnlution 
of the metals below manganese—aiuminiSm, magnesium, sodium, 
jiotassium and tlie others—is jiractically impossible. (The elcat-ro- 
lysis of a solution of sodium chloride, for instanei ■, only gives ri<e 
to hydrogen at the cathode, around which the solution- if neutral 
at the start—soon becomes alkaline. Nor is the absence of a 
metallic dcjiosit remarkable ; even if a film of sodium were momen¬ 
tarily formed, it would at once react with water jiroduciing hydrogen 
and .sodium hydro.vido. When, however, a cathode consisting of 
mercury is used in the eh^trolysis of a sodium chloride solution, 
an aiiiTHgam th.at is, a solution of sodium in merem-y—is produced, 
'I'he formation of the amalgam ?s possible, jiartly because a less 
negative potential is j’cipiii’od for the formation of dilute sodium 
amalgam than for the formation of pure sodium, and partly b( sufse 
the high overpotential of merem v is unfavourable to the evolution 
of hydrogen’gas. * 

A l.arge number of metals occurring in Groujis IV’a, Va and VTa 
of the reriodic 'Table are also incapable of being deposited elec- 
trolvtically from the aquemis solutions of their salts, but iiere the 
reas.i]' is somewhat different The metals of these groiqw do not 
occur m aqueous solution, to any great extent, as cations ; the 
principle oxides of vanadium, tantalum, molybdenum and tungsten 
have an acidic character and the metal exists in tlw^ anion ; even 
where lowin’ oxides of a basic character are known, the metal 
generally exists rather as a com|)lex cation, such as [VO]" than as 
a simple cation V"" ; similar complex cations, such as |ZrO]", 
appear to exist in metals of Giimp IVa. It is not surprising to 
find that the electrolysis of such solutions produce.s nothing exce])t 
lower oxides and hj'droxides upon the cathode. 

The normal electrotie potentials of most of these metals are not. 
known with any’ cei-tainty (uiost of the determination.s given iii 
electrochemical literature are based upon assumptions, which, .a 
the opinion of the present writer, are unjustified). But it is very 
likely flint many of these metals .stand on the "noble ” side of 
zinc in the Botcntial Series, and that the practical difficulty in 
caiTying out the electrolytic deposition is duo only to the difficulty 
in finding a solution which will contain anything approaching nor¬ 
mal—or, indeed, oven milli-normal— concentration of metallic ions. 

' tl. U. vou Arsdalo anil C. (1. Maier, Tram. Amer. EhclrocK:.).. ifoc. 

(1918), 109. • 



366 


METALS AND METALLIC ,OOMPOT!^NDS 


Co-depDsitior^ prides or^ Hydroxides^ Spongy or In- 
coherent'Peposns'.! It Kas boon statpl above that metal deposited 
from a neutral 'solution is usually of an incolicrent spongy character. 
The reason for t'h,'s can be explained at once. If from a neutral 
solutioli, any (reneratioiy)f hydropn occurs, the withdrawal of the 
hydrion at the cathode necesiiarily leaves an excess of hydroxyl 
at the boundary of the catliode itself ; in other words, there is 
an alkaline filin', along the surface of the electrode. As a result, 
hydroxide (or perhaps oxide) is liable to be precipitated at this 
point, and the precipitate will get caught between the growing 
crystals of the metal ; the deposit will not consist of metal alone, 
but metal mi.xed with hydroxide, and tliis will proliably be 
obvious to the observer by the dark colour, dull ajipearanee, and 
loose incoherent .spongy character. 

It has long been known that the formation of a " spilngy ” 
deposit often follows bard iipoif the evolution of hydrogen, and 
early observei's often attributed the sponginess to the disintegrating 
actio.i of the hydrogen bubbles. Actually the gas-evolutmn 
as such—may lielji to make the deposition uneven, but the main 
cause of sponginess is (,'ertainly the slight alkalinity which is a 
necessary consequence of hydrogen-yiroduetion in a yireviously 
yeutral solution.' 

In fac't, by varying the conditions under which the electrolysis 
of a solution of a salt of iron, nickel, cobalt, zinc, cadmium or 
manganese is carried out, it is yiossible to obtain—at will -cither 
the dejjosition of the metal, or the deposition of the hydroxide.^ 
If the solution is concentrated and distinctly acid, the metal is 
deposited ; if the solution is dilute ami neutral, the deyiosit consists 
mainly of hydroxide. 

The reason why a dilute solution is favourable to the formation 
of hydroxide is very siniyile. If the suyiply of metallic ions at the 
cathode surface hecomes exhausted, ordy one reaction can occur 
there, namely, the evolution of hydrogen; the solution thus 
laecomes alkaline and jirecipitation of hydroxide follows. ‘Evi¬ 
dently, the more concentrated the ^solution, the .'es.s likely is the 
layer next to the cathode to become exhausted of metallic ions. 

Clearly the rate of deposition -that is to say, the current density 
—will have an* important influence in determining whetticr ex¬ 
haustion of metallic ions can occur or not. An unduly high current 
density will often lead to syiougy dejiosits. If, however, the .solution 
is vigorously sfirred during dcjxjsition, the exhaustion round the 

‘ W. D. Bancroft, Phyn. Chem. 9 (1900), 277. 

* J/H. *PAter 80 ii, Ptoc. (Jyiiv. Durham Phil. Soc. 4 (1912), 187 : abstract, 
J. Chem. .Soc. 104 (1913), ii. 100. 
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* » 

(iathode can h« p 'evented cvei ^ at quite JiigR curreiT* densities. 
Therefore, from an agitated olution, depfcsitioti r an lx; ep'ndiict*d—, 
without feaPof .spongines.s- at a much higher current density than 
in an unstirred batli, ,* * 

The matter can be summarized in a few»word.s. ff»a (•ohcrent 
deposit of metal—free from sponginess- -is desired, the concen¬ 
tration of metallic salt should l)e kept high, flu; solulien shouW be 
kept well stirred, the current density should not «x; e.xcessive, and 
the solution .should be ke|)t distiixdly acid. 

Jf the use of an acid solution is not desired on account of the 
danger of low current eilioiency, some other addition may be made 
x\'hich will avert the danger of co-de|)osition of hydro.xide.s. If 
the metal has a distinctly amphoteric character- as in the case of 
tin- a good de])osil can often be obtained from a distinctly alkaline 
bath. In such instance, it is only the neutral solutions which ari' 
olqectionable ; baths distinctly *acid or distinctly alkaline usually 
give de]X)sits frei; from spongine.ss. Many of the other additions 
whiMi are (iommonly made to deposition baths—tartrates, ox dat'es, 
ammonia a,nd ammonium salts- are sub.stances which act as 
solvents for oxid('. One reason- - although not the only reason- * 
why (lean deposits are usually obtaiTied from baths containing 
]X)tassiinn cyanide i.s that any liydroxide deposited would at once 
bo dissolved by tin; (;yanide solution. 

On the other hand, the salts of weak organic acirls—such as 
acetates- are to be avoided in the proflucli(.)n of an electrolytic 
deposit; for such salts favour hydrolysis and the conseipient 
eo-|)reci]iitation of hydroxide. 

The effect of the temyx'iaturc of the hath upon the character 
of tin; d('|)osit is twofold. In the tii'st place, a high temperature 
increases the rate of dilTusion, and therefore is likely to diminish 
tin; danger of exhaustion near the cathode ; from this j)oint of view, 
a high temperature is favourable to the coherence of the dey)osit. 
On the other hand, the overpotential of hydrogen evolution greatly 
diminishes as the temperature rises, and in many case.s deposition 
from a warm bath invoh'cs an undue evolution of hydrogen. This 
secontl elfect is often the most imj)ortaiit and a rise, of temperaL.irc 
i.s. on, the whole, unfavouralile to the charactOT of the deposit. 
Metals like zinc, the successful deposition of which dejx*nds entirely 
on the high over|H)tential of hydrogen, should always be deposited 
from a c(X)l bath. 

« 

Conditions for compact Deposits. We have just considered 
the cxjnditions which must lx; observcfl if the ,!0-defX)sition of 
hydroxide- with consequent sponginess of the metal—is* to be 
avoided. But even if theSe conditions arc successfully maintained. 
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fhc metaWc deposit., thdiigli quji^je free from hydroxide or other 
weAening,impuriti(?J, rndy nevertheless often have an incoherent 
character. It & m^cossary, therefore, tf) consider the Way in which 
the atom(< oh(notal array themselves upon the cathode. 

The I;ryStall^zation -o^ copper from a normal copper sulphate 
solution upon an electrode the potential of which is depressed 
Ijelaw + 0-S29 volts (the equilibrium value) is really very closely 
anjilogous to tin crystallization from molten copper at the sides 
of a steel mould, the temperature of which i.s kept lielow the 
melting-point of eopjjer ; as a matter of fact the structure produced 
in the two eases has many features in common. At the electrode 
surface, crystallization commences at certain points and the minute 
crystals produced act as nuclei for further growth ; there is only 
one direction in which the crystallites starting from the various 
miclei can grow indefinitely without interfering with one another, 
and that direction is ]ierpendicular to the electrode. As a result, 
the structure of the copper deposited consists of long finger-like 
crystallites perpendicular to the electrode svirface.' The nufnher 
of nuclei formed will depend largely on the extent tp wiiich the 
' potential departs from the equilibrium value. At low current 
density- which invoh'cs only a small departure from the equili¬ 
brium j)oteiitial- comparatively few nucki are produced, whilst, 
at High c'urrcnt density, where the potential is very different from 
the equilibrium value, the nuclei are crowded clo.se together on the 
electrode surface.- It follows that, at a low current density, the 
crystallites arc comparatively broad, as show'ii in Fig. 84a, whilst 
at high current density, the crystallites arc narrower and the wdioh; 
structure is much liner (Fig. 84j!), In either case the size of the 
crystal-grains of the deposit is liner at the original surface of the 
cathode than further from it, presumably hecau.s(^ some of th(^ 
crystal-nuclei formed when deposition first commciu^es are orien- 
tatexl in such a way that they do not grow quickly in tlu; direcdfoii 
Ijcrpendieular to the surface ; the zone of conqtaratively sitiall 
crystals next to the original cathode surface is best seen in Fig. ?!4a. 

Yet another circumstaiua^ will temj to make the structure of the 
deposit obtained at high current density finer than thjit pf the 
deposit producc4 at low current density ; at high current dpnsity, 
where the departure from equilibrium conditions is considerable, 
fresh nuclei will be formed continually as deposition occurs and the 
length of the crystals, is limited, whilst at low current density, the 

* 0, Faust, Zeitsch. Anorg. Ghem. 78 (1912), 201 ; W. BUun, H. D, Holler, 
and H. S. Kawdon, Trans. Amer. Kkctrodiem. Soc. 30 (1916), 159 ; M. von 
tSchwartz, Int. Zeitsch. Net. 7 (1915), 124-. 

Compa**,;, especially, A. H. W. Aton and L. M. Bocrlage, Rec. Trav. Chim. 
39 (1920), 720. 
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same crystals wiH c >nt... ^ v 3 ry coraiaeraoie , 

distance. • • « 

Very important is the effect of current density ffpon the com¬ 
pactness and smoothness of the deposit; the coarse crystals ob¬ 
tained at low current density are not alwajs <n close corttaci with 
one another, and tend to fall apart when the deposit is handled ; 
the surface is irregular and the deposit itself distinctly pordhs.. 
On the other hand, in metals < 

obtained at high current den¬ 
sity, the different crystals adhere 
strongly one to the other ; the 
deposit is compact and usually 

non-j)orous; tlic surface, is Solution 

smootl^^so that the crystalline 
character would not be sus¬ 
pected until a micro-section is* 
examined. Often the miero-se(^- 
tions ‘reveal tnin crystals, aii 
indication o,f lateral pressure 
exerted by the growing crystal¬ 
lites on one another. And. 
whilst the structure of the deposit 
obtained at low current density 
scarcely changes on annealing. 



i.A}i.ow Current Density. 


Cathode 


Solution 


that obtained at high current 
density undergoes complete re- 
cry.stallization when annealed. 

Thi.s is yet another sign that 
(he crystals of the fine-grained 
depo.sit press heavily against one 
another, .since' recrystallization 
on annealing rarely occurs un¬ 
less the metal is in a state of 
stress. 

The porosity of the slowly p-o- 
duced deposit is easy to under¬ 
stand deposition only occurs at the most favourab|p points, namely 
at the tips of the finger-like crystals ; in the “ trough#” between 
them, which are further from the anode, deposition may perhaps 
not occur at all, and the different crystals .will not “ grow into 
contact.” On the other hand, at high current density, provided 
that the stirring is sufficiently vigorous to ensure a continuous 
supply of metallic salt in the “ troughs,” the potential is^uch that 
deposition occurs everywhere; the V-shaped terminations of tKe 


(B}Fairly High Current Density. 

84. -ICIf'clrolytio T.)oposit.s 
Produced at Low Current. 
Doiisily, {B} Fairly High Cur¬ 
rent Density. 
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crystals %row s^levvays as well,(as forwards, Aiid' good cohesion is 
oBtained.-betweiMi*the'different grtiiis. But the “proviso” is 
rather importlint. As long as the stirring is sulticierft, any increase 
of current'densit.y makes the deposit finer, smoother and more 
coherent." Biit if tlR' ptirring is insiillicient, there are limitations 
to the enrrent density that can profitably be employed ; beyond 
,a CfTtain limiting current density, any further increase makes the 
g,rain coarse agfdn, the surface rough and the deposit non-compact. 
Undoubtedly, tliis irregularity of growth is due, to local variation 
of coneentration, and the value of the limifing current density 
can be raised l)y increasing the concentration of the bath, or, alter¬ 
natively, by increasing the rate of stirring.' 

It is evident, therefore, that, in order to obtain a smooth, coherent, 
non-])orous deposit, the current density must be maiutainej! within 
certain limits ; it, must not be too high, or the deposit wall be 
irregular, and |iossibly spongy, owing to the co-deposition of 
hydro.xides : it must not be too low', or the metal will be coarsely 
crysCalline, incoherent and porous. 'I'he limits are often nSrrow, 
but lieeonK! less narrow if tlie bath is kept well sty-red, and the 
coneentratioTi of the metallic salt is high. 

It is most important that tlie conditions should lie correct 
throughout the whole jirocess ; for, if at any point roughness 
shfiuld .sbt in, it is unlikely that any degre-e of subsequent care will 
eliminate it. (In the contrary, the roughness will increase. Any 
excrescences, howe\-er small, will constitute more favourable 
places for deposition than the depressions that lie bet,ween them ; 
for firstly, they will receive more rapid re])lenishment of metallic 
salts from the body of the solution ; secondly, they are nearer to 
the anode and the current density will be greater than elsewhere. 
As deposition proceeds, therefoi-e, the excre.seences become greater 
and greater, and cause the phenomimon known as “ treeing ” ; it 
is, of course, closely connected to the production of dendritic 
growths in the crystallization from the molten state. Treeing 
occurs more in soft metals (lead, tin, cadmium, and thallium) than 
in hard ones.^ 

If only a thin deposit is aimed at, it is not particularly (hfficult 
to ensure that i,t is compact and uniform. But, since any.rough- 
ness—howdver small it may be at first—almost invariably increases 
as deposition continues, the production of thick deposits of a co¬ 
herent character is Jess easy. There is a special tendency for 
“ beards ” or excrescences to grow at the sharp corners of the 

' A. Siovorts and W. Wippolmann, Zeitsch. Amrg. Chem. 91 (1915), 1; 
"VY E. J. Phya. Chem. 25 (1921), 495, cspeoially p. .'592. 

* A. Betts, Trans. Amer. El^ectrochem. Soi^. 8 (1905), 80. 
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electrodes- a U'i*ler y whicli can j'eadily t)Ctuncferstood.'| In the , 
electro-refining of metals, iff’s usually laNsibk*,’hy obscfving tiie 
conditions oudincd above, to obtain a thick depoSit sufficiently 
coherent to hang together until the process is ovcj,'after njdch the 
deposit is washed and melted down for \ijc.» It woul^'of bourse 
save niuch fuel and much labour if the metal could be deposited 
directly in the form in which it is to f)e used. Supposing, ior, 
in.stance, copper is being deposited with a view to the manufacture 
of tubes, it might be thought ])os.siblo to produce a thick de|) 0 :sit 
of copper upon the outside of a steel rod, and afterwards to slip 
the deposit off the rod ; in such a way a thin seamless tube f>f 
refined coj)])er woukl be produced without melting nr mechanical 
treatment. Ifi is found, however, that unless special precautions 
are taken-copiier tubes produc(?d in this way are too porous and 
incoherent to st,and much pressure. Much ingenuity has been 
brought to bear upon the problcm’of obtaining a thoroughly com¬ 
pact deposif. of co])pcr by an electrolyfic process. Methods have 
been Aorked out in which the coi)per de|.iosit is hammered, r. lled 
or bui’nished continuously, during the eleeti'olytic process, so that 
any e.xcrescenta' that occurs at any point is at once flattened out 
whilst it is veiy small ; in one method the surface is contimu.msly 
bombarded liy small glass balls throughout the deposition. Many 
of these processes have been used on a large scale, from time to 
time, m different parts of the world, but it is doubtful whether all 
the difficulties ha\x' been fully overcome.- 

Adhesion of the Deposit. If is nece.s.sary to distinguish 
betweem ih(^ coheMon of the various crystals of the deposit, and the 
(ulhenion of the dej)oait to the underlying metal forming the cathode, 
which in general will not be composed of the metal that is being 
deposited. 'Phe question of adhesion is of considerulilc importance, 
especially to the electro-])later. 

'riie adluision of the deposit to the cathodic is capable of (juan- 
titatiye, investigation. After dei)OKition is finished, a small rounil 
(aipper block can be soldered to the fnc(‘ of tlu' de])Osit and the force 
required to tear away the block (and with it the deposited filmt 


^ Somi iutorC'.sl iilg clc'scr'ipl iuu.s <>i’ tticc e.vc-resc-cicc.c's—yarticailtcc-ly (hoscc 
on tlio ectgo of tlio catliodo—illustrutcMl Ic.y j^oocl plioto|fruphs, aro 
given by O. K. Hurgess unci tJ. JTnrnbueclu'n, tChclrochtni. Jnd. 1 (11)011), 
204. 

^ Many of the older proces.ses nrci descrilted, by W. t^fimliausor, 
'‘Manufacture of Metullic Articles Klectrolylically. illootro-engraving ”; 
translation by .). W. Kioliiml.s (Clioiiiii^al 1‘ublishing Co.). Clmptor Xlll. 
The rnirnostrueture of the deposits obtained by lliis sort oi proe<‘.s.s is 
de.se.ribed l>y A. Sieverts and \V. Wippolinunii, Ziitficli. Anorrj. ('hem. 93 
(1915), '287.' • 
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from th%, surfaoj of yie'metal l^Jow, can then be>measured experi- 
DMntally,'^ 

It is found '^hat a deposfi/ adheres bettor to a rough surface than 
to a smobtih^ ofaj, as is to be expected. It is also found that a 
deposit mlhcrcs better jto a soft cathode-metal than to a hard one ; 
nickel adheres to lead better than to steel. Metals which' alloy 
together adhere better than those which do not; evidently in many 
cases a layer af alloy forms an intermediate zone connecting the 
two metals together ; thus nickel adheres better to copper than to 
lead.“ 

Absolute cleanliness of the cathode surface is essential if an 
adherent dopo.sit is to be obtained, and special precautions are 
taken by electro-platers to remove the film of grease and of oxide 
which generally exists on all metals.^ Usually the first ^cleaning 
is largely mechanical, the surface being .scoured with wire-brushe.s 
to remove the scale. The greastf is removed by treatment with hot 
alkaline solution, or occasionally with benzene or petroleum, and 
fne «.closely-adhercnt film of oxide by “ pickling ” in aetd. A 
process of cathodic, cleansing has also given good, results ; the 
article to be cleansed is made the cathode in a bath containing acid 
or sodium chloride ; the hydrogen bubbles produced on the surface 
Joosen the adherent impurities, and apparently also bring about 
a themilal reduction of the oxide present.* When sodium chloride 
is used, the layer of alkali which is produced all over the surface of 
the cathode exerts a powerful influence in dissolving the grease. 
Anodic cleansing has also been recommended, as a substitute for 
acid pickling or cathodic cleansing in cases (like the plating of 
spring steel wire) where the j)re.senco of hydrogen would render 
the metal brittle.® 

In some metals- notably aluminium the oxiiie-film is alnurst 
impossible to remove, and the electro-plating of such materials 
presents great difficulty.® 

Another cause of the non-adhesion of a deposit is the tension 
of the deposited film. Nickel—especially if deposited from an 
acid bath.—often .shows a tendency to come peeling off in a tight 

‘ M. Schfotlcr, Chan. /jcit. 38 (1914), 289. 

• K. Kf^onbifi’g, Elcclrochem. Ind. 1 (1903), 201. 

® Soe G. Langbein, “ Completf> Treatise on the Electro(Jo[)OBition of Metals ”; 
translation by N. T. Brarmt (Baird). Chapter V. Also W. Pfanhauser, " Die 
Electrolytischon Metall-niedorschlagt) ” (Springer), 1910 edition, pp. 240--282. 

M. de K. Thempsoft and O. L. Mahlman, Trans. Amer. Electrochem. Soc. 
31 (1917), 181. 

• J. Coulson, Trans. Amer. Electrochem. Soc, 32 (1917), 237. 

• W. Pfanhausor, “ Dio Eleotrolytischon Metall-niederschlage ” (Springer), 
1010 ^diti^n, p. 019. See also the section on Aluminium in Vol. II of this 
book. 
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roll. The natural ttersion in an ehctrolytifcaUy prpduced| nickel 
film has been demonstrated by depositing•nioM m one,side oi 
a straight stool ruler ; after the plating-process the rrfler is found 
to bo distinctly curved, the plated side being concay©.^ * 

The tension of the deposited film is observsd most rcAcldy in 
those ihetals—such as iron, nioke], and platinum—which dis.solvo 
hydrogen.- No doubt the dcpo.sited metals at the inemcnt of 
production are supersaturated with the gas and are i»i a conqiara- 
tively voluminous form ; presumably the excess of hydrogen is 
afterwards given u]) and the nickel left behind tends to contract. 
Iron and nickel adhen^ better to the cathode if the plating is con¬ 
ducted from a hot solution, ft has been shown that the amount 
of hydrogen taken up by tlie deposit is sinallei' at the high tem¬ 
perature. 

The presence of hydrogen in electrolytic nickel and iron causes 
eonsid(!rablo brittkmess in them, ahd this fact is no doubt re¬ 
sponsible for the cracking of the deposit which must precede the 
peeling.* The brittleness is only temporary ; after the hydrogen ' 
is removed by annealing, electrodoposited iron b(!Comes soft and 
malleable. 

A very' remarkable case of tension in a deposited metal is that of 
antimony deposited from a chloride bath containing free acid ; the 
tension is so great that the deposit breaks with a cracking Sound, i? 
struck ('I- locally heated. Such a deposit is known as “explosive 
antimony ’ ; it eontain.s antimony chloride, apparently as an 
essential constituent, the chloridi? being lib(>ratc(l when the deposit 
'■ explodes." 

It has been slated above lhal, in eha’tro-])lating, the adhenuice 
(if the film is all-im))ortant, and that drastic mcasui'es are taken 
to remove the films of grease or o.xide from the article to be plated. 
It i.s rather interesting to note that, where it is desired ultimately 
to remove the deposit from the cathode- as, for instance, in the 
jirnduotion of copper tubes referred to above it i.s necessary, before 
the electrolysis commences, to produce artili(ually upon the cathode 
a film of grease, o.wide or suljdiide, which prevents the deposit from 
adhei'ing top strongly, and assists the subserpient removal. lit 
certain ejses the cathode is treated with a sjiccial wash containing 
flaky graphite, which facilitates stripping. 


’ (t. (t. Stoney, Proc. lloy. I^oc. 82 [A| (1909), 172. ‘Coiiijaro G. Aliverti, 
AiU. Accad. Lined 29 (1920), 453. 

“ Two slightly different interx)reiulions of tlio fiicl.s are given respectively 
by H. Kiodel, Zeitsch. Elekirochem. 22 (1916), 281, and by V. Kohlschuttornnd 
E. Viiilleumior, Zeitfich. Elekirochem. 24 (1018), 300. also V. Kobischfftter 
and H. Schddl, Helv. Chim. Act^l, 5 (1922), 490. 
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MEDALS AND META^UC COMtVOUNDS 


Deposition krooi 'Solutions of Compljex Salts. In elcctro- 
ilating, a thii\ (ieposii. of extraorjlinary smoothness is domanded. 
In order t(V obtain tlie'necessary smoothness, Wie “grain-size” 
of the (ioposi'c.must be made far smaller than anything required 
in dVdiAary electrni-rcfining. 'I’o reduce the grain-size, it is neces¬ 
sary to cause considerable (ieparture from the equilibriunl poten¬ 
tial. One way to obtain this would be to work at very high current 
density, but for work at high current densities very rapid stirring 
is needed ; very bright and smooth deposits of co])])er, of a grain- 
size so small that they are jiractically amorphous, can be obtained 
from a violently agitated sulphate solution when high current 
densities are employed. In actual practice, however, it is usually 
inconvenient to stir the .solution so violently, and it is preferable 
to u.se a bath when' high cathodii^ jiolarization occurs at quite, low 
current densities. 

It has been stated in the Ihst chapter that, polarization occurs 
much more freely in .solutions of salts containing the metal as a 
comiplex anion than from solutions of normal salts .suctf as sul¬ 
phates. It is not sui’iirising, therefore, to tind that smooth deposits 
■-so very fine as to be ajqiarently structureless are obtained from 
baths containing conqilcx salts, even at fairly low current densities, 
such ns do not involve undue agitation. The smoothest deposits 
f>f sih'er are obtained from cyanide solutions, in which the rare 
metal exists almost entirely in the complex anions. T’hc rajrid 
alteration of the cathodic ])otential with the current density in .such 
.solutions is no doubt as explained in the last cha])ter---duc to the 
paucity of silver ions : but, since there is always a certain small 
concentration of these ions in ecjuilibrinm with conqilex anions, 

K' -t- :.\gl'Xr K' + -Vg' -f 2t'N'. 

comj)lete exhaustion of silver ions at the cathode surface never 
occurs. As quickly as the silver ions are used up, fresh ones are 
formed from the complex [AgCN 'I'he use of a complex palt is 
really a device for keeping the ion-concentration low, without 
running any risk of complete exfjau.stion.‘ ■' 

The deposition of gold is also conducted from cyanide solutions, 
whilst good deposits of tin are obtained by the use of,solutions 
containing complex oxalates or tartrates. The use of complex 
oxalates has proved very succcs.sful in electro-analysis for the 
deposition of zinc, nickel, tin, and iron, whilst complex tartrates 
arc employed' for tlu^ deposition of bismuth. 

Although, owing to the line structure, di'posits obtained from 

‘ Net- d.V. I>. Hauei'oft, ./. Chvm. 12 (1008), HO; W. Hhmi, Ti’aun. 

'.tac-n Ekrtrocltcui. Sac. 36 {1010), 22H.* 
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cyanide or other fomplcx baths are often Joosely referred *to as 
'• amorphous,” it is fairly certain that? they aie realty of a cryitallin^ 
character, essentially like th’at of aeposits from otiier ba^hs, although 
it may require a high-power microsco])e to reveal’ the individual 
grains.I ^ , 

The ifmploymentof coiiqdcx salts in plating*l)ecaine common long 
before the cause of their action was understood, ft is indeecj, 
quite likely that the’ wfdl-knnwn merits of cyanide and other (!om- 
plex baths depends partly on other factors in addition to thos( jusP 
discussed, (\yanides, tartrates and oxalates as was pointed out 
<'arly in the chapter— ari; all good solvents for hydroxides, and 
woukl therefore teiul to prevent co-deposition of hydroxide, which 
might lead to sponginess. Yet another view of flic use of complex 
salts, and esj)ecially of cyanides, is held by many chemists. It is 
considered'that the primary reaction in the elecirolysis of the 
com])lex cyanide K | Ag(('N),J eoi'isists in the discharge of the 
])otassium ions 

* K' + c K. 

A deposit of imdallic jwlassium canmjt, of course, be jiroduced, but 
it is very likely that- a thin layer of an alloy of potassium with the 
cathode metal may be formed right over the surface of tln^ electrode. 
The ])otassium then reacts with the complex .salts, thus :— 

K -f KAglCN), - Ag + 2KCN. 

Metallic .silver is therefore pioduced by a secondary reaction, and 
the silver atoms will be formed, presumably, wdiere the potassium 
ions were discharged a moment befoi-e. Sia-h a- (^inception seems 
to suggest an explanation for the close adherence of the silver to 
the underlying natal, and for thi' fine-grained, and app.irently 
amor])hous, character of tln' dei)osit.- 

Colloid Addition Agents. It has al.so been found that the 
addition of small amounts of certain suljstances—usuallj' colloids 
to the deposition bath often benefits (lii^ character of the deposit. 
The presence, of gelatine, for instance, in an acid coj)j)er sulphate bath 
cau.se.s the coj)i)er,deposit to be shiny, compatt and less obviously 
crystalline. ' 

The presence of the colloid appeals to have two distinct etfccts." 
In the first place, it renders the grain-size smaller. ‘In tijis respect 
the addition of colloids is similar to that of substances like cyanides 
and tartrates, which, owing to the formation of complex ions, tend 
to reduce the concentration of simple metallic Ions. The fact that 

' W. E. Hughes, ./. Phys. Ohem. 25 (1921), 497. 

‘ Compare .R. S. Dean an<l M. Y. Cliong, Met. Chem. Eng. 19 (1918), ftS. 

* A. Sieverts and \V. Wijjpelrjiann, Zeit.9ch. A?iorg. Chem. 91 (llAO), 32. • 
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the addition of collojds, likj the addition oj[ cyanides, greatly 
increases the ya^odia polariiation, .suggests that the explanation 
based on tl\°, formation if compleims, which has been accepted in 
the caR(s yf cyanides, may be extended to the case of colloids.^ If 
the igt'ifitiiiVi particles in the copper sulphate solution are imagined 
to adsorb (topper ioils, forming complexes—an occurrence which, 
^•om our knowledge of colloid chemistry, is known to take place in 
acid solution^— the number of free simple Clipper cations present 
will be reduced; consequently the polarization corresponciing to 
any given current density will increase, and the grain-size will 
accordingly diminish. 

The refinement of the grain caused b,y small additions of colloids 
is thus analogous to that caused by the addition of cyanides, tar¬ 
trates or similar salts. The addition of colloids, however, appeal’s 
to have a second distinct action, since it entirely alters tW structure 
of tile dop(jsit. Instead of consisting of thin liuger-like crystallites 
growing at right angles to the cathode surface, copper d(!posited in 
- tliji' presence of much gelatine or albumin has a scaly, hwninated 
character, the lamination being roughly parallel to the surface of 
the cathode. The laminations are said “ to consist of alternate 
layers of metallic copper and of the colloidal substance, 'I’hat such 
a deposit should be more “ sliiiiy ” than ordinary cleetrolyti(( 
f/jppcB.is not dillioult to understand. 

The cause of the lamination is extremely interesting. 'J'hc fact 
that the structure of copper deposited from a bath containing 
gelatine is so essentially different from that obtained from a colloid- 
free bath makes it natural to suspect that the metal itself is—in the 
first case— deposited in the colloidal condition. There is no doubt 
that the gelatine is deposited—in some sense- along with, the 
copper, for the copper deposit, weighs nnare when gelatine is present 
than when it is absent: if the coj)j)er depo.sit is licatcd in hydrogen, 
much of the excess weight disappears. Moreover, if the plating 
bath is alkaline instead of acid, the addition of gelatirni has no 
effect ; in alkaline soluti(,(n, it will be remembered, the gelatine 
particles have a negative charge, and migrate towards the anode, 
not towards the cathode. ' 

If the view suggested above is accepted, and wo aissume that 
copper io^s afe adsorbed by the particles of the organic colloid, 
forming complex colloid particles, wc may suppose that the complex 
particles move towards the cathode by a process of cataphoresis 

* N. Isgarisohew, Koll. Chem. Beiheft, 14 (1921), 26. 

2 See, for instance, .T. I.opb, Tram, Paraday Bor. 16 (1921), Appendix, 
p. 150. 

• ® By (?.’ Grubo and V. Iteuss, Zeitsch, Klel-trochem. 27 (1921), 48. 
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and press themselves upon Jhe electrode siyface. * Here the'eopper 
ions gain electrons, and unite to farm particfes.of metallic copper 
dispersed in a layer of tht*stio,iy organi'’ colloid. Af^erwirds by a 
secondary process, the metallic copper particlc-s scgrega|^6>together, 
and alternate layers of copper and gcLatine are* foi/n^d.’ 3'hore 
appeals to be considerable evidence iJiat tlie cfeposit is in a plastic 
state at the moment of formation, since if the bath is stiircd durijig 
the process, the surface of the deposit is found to be covered with 
curious striations caused by the movement of^the liquid over tlft 
freshly deposited material. ^ 

Whatever view is taken, the co-deposition of the colloid sub¬ 
stances with the metal—although making the structure liner, 
smoother and less porous- will inevitably have some eftect uj)on the 
mechanical cliaracter; this ell'cct is usually unfavourable and, if 
too mu(,k.,colloid is present, the metal is distinctly brittle. Thus 
whilst small amounts of gelatine aildcd to copper suljdiate produce 
a good shining deposit, larger amounts cause the product to be 
darker^ and render it so brittle that it may peel off from the catl^odi: 
on drying. Similar effects are noticed in the case of other metals. 
Not all colloids, however, are equally' detrimental, and for any given 
metal it is usually possible to find a colloid which improves the 
compactness of the deposit without seriously affecting the mechani¬ 
cal properties. The effect of a colloid addition also depend,'^ large’y 
on the quantity added. 

In no i^asc is the effect of colloid “ addition agents ” so welcome 
as in the deposition of lead.- Eew metals show a more marked 
tendency towards dendritic growth ; possibly owing to the slow 
diffusion of the heavy ions, deposition always occurs much more 
readily at the tips of the growing cry.stals than at other places : 
indeed, the lead produced upon a cathode from au}^ ordinary bath 
is scarcely worthy to be called a deposit at all, being nothing but n 
hopelessly porou.s, incoherent ma.ss of dendritic crystals. 'I'hi 
“lead tree” obtained when a piece of zinc is suspended in lead 
acetjfte solution gi\ es a fair idea of the kind of “ coating ” oiu 
sometimes obtains in lead-deposition. 

'I'he difficulties of lead-deposition are I'ather increased by th« 
fact that ttie sulphate and chloride--tlu^ salts generally employed 
in the dIposition of ordinary motals- are practically ins(^uble. It 
is customary to use the silicifluoride or the perchlorate of lead foi 
the deposition of that metal. The addition of gelatine or glue tc 
the silicifluoride bath containing excess of silifcifluoric acid, or of 

' G. Gi'ube and V. Kcus.?!, Zeitsch. Elektrochem. 27 (1921), 45. Goiupan 
E. Mailer and P. Balmtjo, Zettsch. Elektrochem. 12 (1906), 317. • 

* H. Ereundlicli and J. Fisebjr, Zeitsch, Elektrochem. 18 886. 
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poptorie to the perohlojate bath, gives a remarkable improvement 
to the ueposit, ^eompacf, fine-grained lead bemg obtained. 

Other Addition Agents. The'i.,:lditi’on of carbon disulphide to 
th.e .silver-plating bath may here be mentioned ; the presence of a 
small, qj^at'ity (d this substance in the solution in the final stages 
of plating causes the j lating to be remarkably bright. The,action 
is probably similar to that of the colloid.s ; the “ bright silver ” 
produced is said to contain sulphur. 

The presence of alumii\iunr sulphate in a solution of zinc sulphate 
causes an improvement in the character of the metallic zinc 
deposited. Possibly colloidal aluminium hydro.xide -produced by 
the hydi'olysis of tlu^ aluminium .salb- is the cause of this im¬ 
provement.* 

There are numei-ous cases where special addition agents produce 
a beneficial elfect on the deposition of some particnlar m(^„l; often 
the reason is uncertain. Iron, fpr instance, is stated to be depo.sited 
in a specially coherent fman from a cr(«ol-sul))honate bath.^ 'I'he 
addition of nitric acid to the copper sulphate, bath u.seiMn the 
deposition of copper undoubtedly brightens u]) the coating pro¬ 
duced, although iH’obably thi^ current ellicicm^y drop.s, The 
function of nitric acid is said to be that of an o.vidiziirg depolarizer 
which prevents the evolution of hydrogen in bubbles.^ It may bo 
/.ijentioped here that, for the deposition of easily oxidized metals, 
like zinc, the presence of nitric acid- -or even of a nitrate- is fatal. 

Deposition of Alloys.* Of considerable interest is the que.stion 
of the simultaneous deposition of two metals on the cath(.)d(' to 
form an alloy. An instructive example is afforded Iry the problem 
of the electrolytic deposition of brass. If a solution containing 
both zinc sulphate and copper sulphate is electrolysed, only the 
copper is deposited at the cathode. This is not extraordinary if the 
interval between the normal electrode potentials is considered :— 

Ou I CuSO,, + 0-329 volts 
and Zn | ZnSO, - 0-770 volts. 

It is true that, when current is passing, the potential of the electrode 
Cu I CuSO, is depressed slightly, but it i.s hopele.ssto expect that— 
whilst any appreciable amount of co])por sulphate remains in the 
solution-“the potential will become sufficiently negative for the 
deposition of zinc. 

* See W. I>. Bancroft, Trans. Amer. Kkctrochem. Soc. 21 (1915), 233. 

* 8. O. Cowper-Coles, Englifih PaU nt, 10,397, May 3, 1907. 

* According to A. Classen, “Quantitative Analysis by Electrolysis"; 
tranglntioii by W. T. Hall (Cliupinaii and Hall), |). 100. 

* Sice Uso W. -H. Croutzfeldt, Zfitsch. ^jiorg. Che7n. 121 (1921), 25. 
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If, however, we’ ta';e ti bath confining Ac’complex cy<'|iides of 
the two metals and comivire tin; potentials ' - « 


and 


Zn 


(;u('N gram-equiv. per litre) 
KCN (1 gram ecpiLv. per litre) 
Zn{CN) 2 (i’„ graiu-equi\. per ^tre) 
KCN (1 gram-equiv. per litre) 


'Mb’.f volts.' 


1-231 volts 


w(; .see. that the potentials of the two metals are flosc'togethe;-. By 
eleetrolysing a cyanide hath containing lK)th Tmdals, therefore, it 
is possible to effect simultaneous depo.sition, and a layer of yellow 
brass is obtained on the cathode.' 

Similarly, by tin; electrolysi.s of an alkaline cyanide.; bath con¬ 
taining copper aTul tin, deposits of bronze can be obtained ; instead 
of a cyanide bath, a solulion containing com|)lex tartratc-s may be 
irsed.- * 

Not infreipu'iitly, (he jiotential rwpnrcd for the deposition of an 
alloy is less negative (ban (bat neeiled for the depo.sition of the 
more ff-aetive constituent. Metallic sodium, for iirstance, cannot 
be deposited at any potential obtainable in aqueous solution, but 
a sodium amalgam is mjt dilliculr to produce; w-hen a mercury 
cathode is employed in the el(;ctrolysis of a sodium salt solution, 
'this a])]iarent di.scr(;pajicy which has already been referred to-- 
is ea.s'' to explain. 'rher(; is a great evolution of heat-energy when 
metallic .sodium is added to mercury, and it is not surpri.sing, there¬ 
fore, that the. energy required for the production of sodium amalgam 
should be less than that needed for the jiroduction of sodium itself. 

Similarly, metallic magne.sium cannot be prepared from aqueou.s 
solutions, but iron-magnesium alloys have been obtained by the 
electrolysis of a solution containing magnesium chloride and ii’on 
sulphate. 'I'liese alloys, although invariably (;ontaminated with 
oxide, seem to contain solid solutions of iron and magnesium ; they 
are often pyrophoric.^ 

TIm- ])roportions in which the two metals are de|)osited are 
sometimes rather surpiising. A bath containing zinc and nickel 
sulphate.s in nearly r;({ual ])ropo’jtions gives an alloy' containing far 
more zit* Ijian nickel ; in view of the, relative positions of the two 
metals 41 the Potential Series, one would have exjjected that the 
deposition o^iiokel would proceed more readily than thSt of zinc. 


' P. Spitzer, Zeilfich. Khklrochem. 11 (1905), 545 ; S. Field, Trans. Taraday 
aS'oc. 5 (1909), 172 ; A. L. Ferguson and E. (1. Stutdevan.;, Trans. Amer. 
Electrochem. Eoc. 38 (1920), 107. 

“ R. Kromami, C. T, Suchy, .1. Lorber and R. Maas, MonaUh. 35 (1914), 219. 

* R. Kroniann and J. Lorbor, Monatsh. 35 (1914), 003. 

* E. P. Schoch and A. Hirscli, ,7. Amer. Chan. Soc. 29 (1907), ^14. ' Sew 
also O. Grube, Trans. Faraday Soc. 9 (1914), JIO. 
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Application of 'Electro/deposition ,,to ■ Analysis. The 
Ceposition of iLeVal upon a weig^igd cf^thode often constitutes an 
elegant jnetl.-od for the analytical estimation of a metal. At the 
present tjuje, the method is applied most often to the analysis of 
copper bres.^ but it' fo^ms a very convenient analytical process for 
other metals also. 

In a .'rimple form of electro-analytical apparatus, the cathode 
consists of a '.veighed cylinder of platinum gauze, the anode being 
a spiral of stout' platinum wire suspended within the cylinder 
(Fig. 85). The liquid from which the metal is to be precipitated is 
contained in a beaker just large enough to contain the cathode ■ 
the two electrodes are joined through a variable resistance and an 
ammeter to a pair of accaimulators ; a voltmeter can be joined in 



Fig. 85. —Simple Electro-Analy¬ 
tical Apparatus. 



Fig. 8G. —(’Iassen’« Apparatus. 


parallel with the electrolytic cell, to show the total K.M.F. applied 
to the latter. 

Jn another form of ajiiiaratus (Fig. 8()), a weighed platinum dish, 
C, having an interior surface which has been roughened by means 
of a sand-blast, constitutes the cathoih^; the licpiid containing the 
metal to b(! estimated is jilaced in the dish ; the anode A consists 
of a flat perforated disc of jdatinum furnished with a vertical stem 
clamped .so that the disc itself is just below the surface of the liquid. 
The dish is covered with a watch-glass B, pierced in the centre to 
admit the stem of the anode. This is known as Classen’s apparatus. 

In thd'simplest forms of electro-analytical apparatus there is no 
stimng at all except that provided by the oxygen evolved at the 
anode , the deposition is therefore rather slow, occupying several 
hours, and the deposit is not so compact as might be desired. If, 
however, the confect current density and bath-composition is 
employed, a sufficiently good deposit of any of the ordinary metals 
can be obtained ; when the deposition is complete (which may be 
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ascertained by testing^ drop oi rne ijquid fc^ tbe metal in question) 
the cathode may be washe'J, first with watef and tlien with.alcohci4, 
dried in a waiter-oven and re-weighed.' The inoreiise o^ weight 
naturally represents the metal deposited. « * . , 

In order to hasten the process, various de^.'iijes have beSn intro¬ 
duced Tor stirring the solution. If the electrodes ccnisist of two 
concentric gauze cathodes, one inside tin; other, it is pftasible fo 
arrange for the anode to rot.ato with considerable vel(«!ity by mean^ 
of a small motor ; an apparatus on this jminciplb lias been dessigiied 
by Sand.^ An alternative arrangement—which is dm; to Fischer - 
- involves the use of two stationary cylindrical gauze (^lecti'odes, 
one inside the other, and an independent glass stirrer, which rotate.s 
rapidly within the inner electrode. In one form cif the Classen 
,api)aratus it is possible to cau.se the di.se anoile to nnolve during 
the. deposifion. 

Either of these forms of apparatift allow the complcb^ deposition 
of the metal in 10-30 minutes, ami naturally yield a far moi'C 
coherent deposit than is obtained without mechanical stirri.lg. 
(lopper—for instance—comes down from a sulphate solution con¬ 
taining nitric acid as a compact and glittering coat instead of a dull 
reddish porous deposit. Bismuth, a metal which can scarcely bo 
estimated at all with an unstirred solution, on account of the non¬ 
coherent character of the deposit produced, can be made to give a 
quite sidisfactory weighable deposit when the liquid is kept in 
motion. 

Whether the deposition is conducted from a stirred or unstirred 
bath, care must bo taken to secure conditions of working which 
ensure oomj)lote deposition of pure metal, in an adherent form which 
can bo readily washed, dried and weighed. The exact instructions 
laid down in the practical handbooks should Is; rigidly followed.’' 
In many cases, it is advisable to work from a bath containing the 
metal as a comjilex salt. Th(^ following table shows the chemical 
nature of the solutions from which the complete elect.ro-de]iosition 
of different metals can be conveni(mtly conducted : 

Silver ^ 

Merctiry vSulphatc solution containing free nitric^ acid. 

Cojrper j 

BismutrfT' Complex tartrate solution. 

‘ H. J. S. Sand, aWans. Ghm. Sor. 91 (1907), 373 ; *93 (1998), 1,772. 

* A. Fischer, Zeitsch. Elektrochem. 13 (1907), 409. 

* For the processes using unstirred liquid, see A. Classen, ‘' Quantitative 

Analysis by Electrolysis " ; translation by W. T. .Hall (Cliapman and Hall). 
For the rapid processos see A. Fischer, ‘ ‘ Rlectroanalytische SchnellmeAoden ", 
(Enke). * 
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(Antimony 
Tin " 
ijriokA 
.Irplv 
}Anc 


■SoFution cjMntaining sulphides and cyanides. 
(■Comple.\ o.xalato solution. 


But, in wcry case, there arc several alternative methods ; zinc, for 
instance, hasdboen succe.s.sfully deterinined fi'onj a .solution of a 
zincate containing'.free sodium hydro.xide. 

When only one metal is present in the solution, eleidro-analysis 
presents little didiculty. If two or more metals are pre.sent in the 
solution, it is necessary to ensure that only oiu' is deposited at a 
time. If the metals are widely separated in tlie Potential Series, 
this can usually be done without sjrecial apparatus. For instance, 
if the solution contains copper and zinc as sulphates, itTis possible 
to deposit copper free from zi.ic, as we have seen ; to make the 
separation com])lcte it is best to add a little nitric acid to the 
so'ution- the presence of w hich will prevent entirely the dt!])osition 
of zinc. After the coppered cathode has been weighed, it is possible 
to drive off the nitric acid from the solution by (wa])oration with 
.sulphuric acid on the water-bath, and to deposit the zinc remaining 
from a complex oxalate solution upon the cop])ered cathode ; it is 
'destructive to the ])latinum of the electrode to de]iosit zine din'ctly 
upon that metal. 

In general, however, wIktc two metals an^ present in th(^ solution, 
it i.s necessary to control the potential at the cathode by means of 
an auxiliary electrodes and a |)otenliometer. A " normal calonu'l ” 
electrode is useful in some cases as the “ auxiliary electrode,” but. 
sinc(‘ the solution employed is usually acid, a mercurous sulphate 
electrode- contained in the same sort of ves.sel as is used for the 
'■calomel electrode” is ju-eferable. Whichever is employed the 
end of the tubi^ of the auxiliary electrode is introduced into the 
beaker, clo.se up against the cathode.; the auxiliary electrode and 
the cathode are then joined to a potentiometer, by means Of which 
the single potential at the cathode surface can ke determined from 
time to time during the electrol'ysis. 'J'he variable resistance on 
the main circuit is adjustial so that the cathodic P.'O.^is always 
sufficiently depressed to cause the deposition of one metal, but not 
sufficiently depressed to involve the precipitation' of the other. 
For instance, if the solution in the beaker contains salts of copper 
and mercury acidified with nitric! acid, and the auxiliary electrode 
consists of 


HgjSO. in 

^8 2NH^04 
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tho resistance of, the maiif circuit siiou^^l ^1)(> ndjusted 'during 
electrolysis so that tfie potentiometer imlicatcs.-O'l) to 0-^5 vojf, * 
the temperature of the solfltioii»t)eing 100° V. Un(Ter^thes* eircum- ' 
stances only mercury can be deposited ; no co|)|*er (*(>111(1 come 
down unless the P.D. were to reach 0-3 volt. ,An.er tlift,\th«le of 
the mercury has come down, and tlie cath«de has h»en weighed, ' 
the solution containing copjier is electrolysed separately, the 
cathodic potential fteing depressed suHiciently to allow the deposi- * 
tion of that metal.* , 

Some metals, like manganese and lead, produce an insoluble 
dioxide (MnOj and PbOj) in a hydrated form on the anode when a 
solution of a .salt is electrolysed under certain conditions. This 
fact has been utilized for the estimation of these metals. 

The, extensive use of the electro-analytical methods is somewhat 
limited h,»the price of ))latinum. By de.signing the apparatus in 
an apj(ro])riate manner, the amonit of platinnm needed can be 
considerably reduced,- but the cost still remains con.siderable. 
Much 'j’ork has Ikx'ii devoted to the problem of finding a cheaper 
electrode-material. As laggards the construction of the cathode, 
many clnaiper materials, .such as .silver,** tantalum,* or even 
graphite,** arc suitable for u.se under specilied conditions. There, 
seems to be no chea|) material which will form a really satisfactory 
substitute for use as an anode, but it is stated that an alloy of gold, 
silver . 01(1 coiiper, plated with platinnm. can be used in the place 
of solid platinum.'* 

Summary. The deposition of fairly noble metals like co])per 
and silver will iiroceed at high (airrent (‘tliciency ; but, in the case 
of more reactive metals like iron and zine, current is likely to be 
wasted in tiu' jiroduction of hydrogen, especially if the solution is 
unduly acid. However, tin' evolution of hydrogen is opposed by 
overpotential, and zinc- which has a high overpotential value at 
low temperatnres---tnay be depositcal at high current elliciency so 
long,as the solution is kept cool. 

Evolution of hydrogen from a bath originally neutral tends to 
render it alkaliiuj, and may give ri.se to the co-precipitation of 
hydroxides at the cathode, causing the depo.sit of metal to be 
spongy., ft is usually advisable to kceii tlui bath acidified with 
some weak a cud, unless a cyanide, tartrate, or other reagent which 
would act aa a solvent for hydroxides is present. 

* For further details see H. J. S. .Sand, Trans. Cheni- Sor. 91 (1907), 39.'!. 

* F. A. Gooch and \V. L. Burdick, Amsr. J. iSci. 34 (1912), 107. 

’ H. E. Medway, Arner. Hci. 18 (1904), 180. 

‘ 0. Brunk, Chem. Zeil. 36 (1912), 1233. 

‘ J. W. Turrontino, 7th JiiL Coiiij. .ipp. Chem. (1909) .Section 1, o. 11!. 

“ K. Arndt, EUktrotech. Zeitmh. 42 (1921), 345. • 
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Slow dcpositidn oi metal at,low current density moans only a 
spiall dlparturc( from ttie equinbrium value of the potential, and 
hence the for^nation of few nuclei bfi the cathode, the deposit pro¬ 
duced basing therefore coarsely crystalline, loose and rough. A 
higher fetb of deposi,tion involves greater polarization,'and produces 
a finer, snioAther and 'more coherent form of metal. K, however, 
the rate qf deposition becomes so great that c.xhaustion of metallic 
ions occurs, tlje effect is unfavourable. This ’car\ be avoided by 
empldying a concentrated solution and by violently agitating the 
bath. 

If, as in plating, violent stirring is not practicable, high polariza¬ 
tion (and hence fine deposits) can be produced by working from a 
compk^x salt solution (e.g. a cyanide solution), in which the concen¬ 
tration of simple cations is low. 'I’he presence of certain colloids 
likewise improves and briglitens the dcpo.sit, probably o\7rng to the 
formation of comjik'xes. In the presence, of colloids, the structure 
Ixx'omes laminat(>d or scaly (the scales being ])arallel to the (jathodc 
surface) instead of consisting of fingcr-like crystallites (perjiewlicular 
to the cathode! surface) ; apparently the colloid is codeposited 
with the metal, by the cataphoresis of complex colloid particles, 
forming a deposit which is quite plastic at tlu'moment of formation. 
Many colloids have a had effect upon I he mechanical qualities of 
the metal deposited. 

'I’he adhesion of the deqrosit to the catliode is better if the cathode 
is roughened and if it consists of a soft metal, or one which will alloy 
with the metal being deposited. Metals like iron and nickel, which 
absorb hydrogen, are deposited in a brittle condition, and tend to 
crack and to peel off in a tight roll, an occurrence which .shows that 
the dcpo.sit is in a state of tension. 

Electro-deposition is u.sed in the analytic^al estimation of metals. 
The deposition is quicker, and the deposit is brighter and more 
coraj)act, if the solution is vigorously stirred. H’hrough the control 
of the cathodic potential, by means of an auxiliary electrode and a 
potentiometer, the .separate, deposition of two or more, nietakf from 
a mi,xturc is possible. 



CHAPTER XII 


THE DISSOLUTION OF A METALLIC* ANODE 

• 

Tlie two ixissiblo views held regarding the character of the 
reaction at the anode were briefly referred to in Chapter V ; it is 
necessary, at the prt^sent stage, to consider the nmtter in further 
detail. 

When a zinc plate is made tlu; anode in an ('Icctrolytic cell con¬ 
taining a solution of zinc chloride, or any other soluble chloride, 
various changes may occur. 'rhe^im])lest reaction is the ])a.ssagc 
of the metallic atoms into the ionic condition, thus 
* (1) Zn Zn" + 2r. 

An alternative reaction is the discdiarge of chlorine ions on the 
zinc surface 

{2a) 2C1' -= 2C1 + 2c. 

But since zinc is a reactive metal it will at once combine vith tke 
chlorija producing zinc chloride 

(2h) Zn + 2C1 • ZnCl.,, 

and the zinc chloride will dissolve in the liquid, and di.ssociate into 
ions, thus 

(2r) ZnCU Zn- + 2C1'. 

If we add uj) the three reactions (2((.), (2h) and (2r) «e get 
Zn — Zn" -h 2r. 

identical with reaction (1). T’hns, as far as can be seen at present, 
botl* changes learl to the same final result, the ])assage of the zinc 
into the dissolved state, and no conclusion can be drawn from 
experimental invx'stigation as to whetber it occurs directly or hi 
three srages.^ 

If, however, the anode consists not of zinc, but, of silver, little 
or no silvci^pRsses into solution, but the surface of th^ anode be¬ 
comes covered with a layer of insoluble silver chloride. This result 
is most simpty explained on the assumption that chlorine ions ar« 

^ Reasons for thinking that the discharge of tho anion is, in most cases, 
the primary anodic reaction are given by 0. Sackur, Zeitsch. Elektrochem. 
14 (1908), 612. 
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dischalged, and .that tho chlorine thd.i combines with the silver, 
the chal.ges bein^ahal^gons to reactions 2«'an(l 2b. 

•■Finally if the a'uode consists of a “ ^jfoblo ” metal, such as platinum, 
wipch does i/of combine with chlorine at any very appreciable 
velocity chhtrind gas is evolved ; here there seems to be no alterna¬ 
tive but to a()opt the i(’,ea of the discharge of the anion, a(!Cording 
to equation 2(i. 

Similar'results are obtained when a solutioii of a sulphate is 
electrolysed. If the anode consists of a reactive hictal like zinc, 
the sulphate of which is soluble, the zinc passes into solution. If 
tho anode metal has an insoluble sulphate, as in the case of lead, it 
becomes covered with a solid crust of sulphate, which, as it becomes 
thicker, may actually shield the metal below it from further attack, 
although as we .shall .see it does not usiially prevent other 
reactions from occurring at the electrode. Finally, if #:!ie anode 
consi.sts of a noble im-tal, lilnq platinum, the anions (SO,)" are 
discharged, according to the equation 

(tin) SO," - SO, + 2f 

and we usually obtain o.vygen by the secondary rear-tion 
(3/)) SO, + H.O HoSO, -t- O. 

The evolution of oxygen at an anode always ii(mds to leave the 
sQi'.utioniiround tin' electrode acid, just as the evolution of hydrogen 
at a cathode renders the solution alkaline. The jiroduction of 
oxygen may also occur in another way, namely by the direct 
discharge of h 3 'droxyl ions, 

(4n.) 20H'- . 20H + 2f. 

(46) 20H . Hot) -f 0. 

This reaction is, of course, nuire likely to occur in alkaline solutions, 
in which the concentration of hydroxyl is considerable; but 
hydroxyl also occurs to a small extent in neutral, or even in acid, 
solutions, owing to the ionization of water. If the solution is 
neutral when electrolysis eornmenoos, the discharge of hydrhxyl 
ions w'ill lcav(“ hydrogen ions in excess and here again the .solution 
will be rendered acid. i 

The production of oxygen at. an anorie may have im’portant 
results even wlv're it is not evolved in gaseous form. Tdke, for 
instance, t^e case of a lead anode immersed in sUiphuric acid 
solution. At first the effect of electrolysis is to cover the lead with 
s, coat of white jnsoluble lead sulphate. After a time tho coating is 
thick enough practically to shield the lead below from further 
attack. Since the formation of sulphate is prevented, the anodic 
p^tentiaDwill—if the applied E.M.F. is sufficient—rise until it is 
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J . * 

high enough foj the procRiotion of oxygen. Owing to •“over¬ 
potential,” the oxy^n will not at»fir.st appear gas, bul will act* 
upon the lead sulphate* conj'tjrting to the puoc-foloure3 ”' 
peroxide, aecording to some such reaction as, ’, * 

• PbSO, + H,0 -f 0 = PbO., |-^jl^O,.“ 

Only" when practically all the sulphate Tias betm 'converted to 
peroxide will the^ anode become so supersaturated with oxygen, 
that the evoluiion of the gas in bubbles will occur. 

Here the product of oxidation, lead pcro.fide, is a well-known 
substance which can be prepared in other w-ays and which has an 
oxygen-content closely approximating lo the sinifile formula PbOj; 
the peroxide film has a measurable thickness, and the marked 
colour-change which accompanies its production leaves little doubt 
as to the character of the product of anodic polarization. But in 
other eas?s, anodic |iolarization although producing a very marked 
(diange in the elcctroclieniical jinHierties of a metal- leads to very 
little change in the appearance'. 

Consider, for example, the polarization of a ])latinum anode. 
When the anodic potential is raiseil as high as 1 -23 \ olts, the surface 
is saturated with oxygen. But--owing to “ over|)otential no 
evolution in bubbles occurs until the potential is raised to about 
1-5 or 1-7 volts ; the exact jioint de]iends on the surface condition 
of the electrode, a higher potential being needed for bright platiiulm 
than for blackened platinum. Evidently, between 1-23 volts and 
l-oO volts, the platinum is supersaturated with oxygen. The 
oxygen is apparently firmly lixed in tlu^ metal, because, if the. 
(iurrent is turned off, the electrode maintains its elevated jmtential 
for some considf-rable time. Many chemists regard the permanent 
cdiaracter of this polarization as an indicat ion that an oxide has been 
pro(hu!ed in or iijxm the surface of the electrode, but it is unlikely 
that there is any well-detiinxl oxide of constant composition present. 
The oxygen (ajnb'nt of the electroch- si.a-ms to vary gradually with 
the. anodic potential maintained during the polarization ])rocess, 
and also with the time during which the jrolarizing current has been 
allowed to flow t it has been |Uggested that a solid solution of an 
oxide ^pjssibly PtOj) in the platinum is formed at the polarized 
electrotlc and that the proportion of the oxiik^ ])re^ent in the solid 
solution de^ttjnines the potential of the electrode,* * When the 
polarizing current is turned off, and the electrode is allowed to rest, 
it gradually loses oxygen, the potential at the same time gradually 

’ F. Foorstor, Zeitsch. Phys. Chem. 69 (1909), 230 ; 0. Ornbo, Zeitsch. 
Ehktrochf.m. 15 (1909), 769 ; 16 (1910), 021 ; U. Grubo and B. Bulk, Zeit/Kh. 
Ehktrochern. 24 (1918), 237. Most of tliese rosoarohos, it should bo npticed, 
refer to "black” (platinized^ platinum electrodes. * a 
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dioppin§ ; if imn.crsed ,iii a stjlution'through vyhich oxygen is 
Lubbled, fuhe electrode retains itS high potentiM wonderfully well; 
'it may take as long as niiiqty days'to d/dp to M yolts. Such a 
continuou!?drop.i3 quite consistent with the theory that an oxide 
is presqn* jlissdlved in^solid solution in the metal; but it is, perhaps, 
• rather more simple to j-naginc that an adsorbed layer of oxygen 
atoyus is present on tbe platinum surface, the surface-concentration 
ftf the atoms being the determining factor of the potential. Such 
a hiyor'-can rightly Ije regarded as an oxide-film, since the forces 
binding the o.xygen atoms to the metal are of the same character 
as chemical forces ; but the film will not correspond to any oxide 
which we know in the massive form, but must bn regarded, essen¬ 
tially, as an oxide film of variable composition. 



S7.—'rtie .\noilic ly-litivieur u! Ii-<tii in Siil[)liiiri(‘ Acid. 


Passivity. Of especial interest is the behaviour of an anode 
consisting of iron, cobalt or nickel. Here, when the current density 
is low- and consequently when the anodic potential differs but 
little from the equilibrium value--the metal behaves in much the 
same wav as zinc, and the electrode can be regarded as an ordinary 
“ soluble anode.” Put, if the potential is raised so that the pro¬ 
duction of oxygen in the anode becomes appreciable, the whole 
I nature of the c‘lectr(,ide changes, and it show.s a behaviour similar 
to that of platinum ; Iho metal acquires a “ noble ” character, and 
this noble character .survives for an * ppreciable tin'ie even after the 


current has boon turned off. 

The behaviour-, under increasing polarization, of an iron'anode 
' *»-x. 

surroundc'^, by — sulphuric acid is shown in Fig. 8f.^ At low 


* Founded on I'esultB given by (.'. Fredcnliagen, Zeitsch. Miys. Chm. 43 
(1903), 1. The curves given by E. 1’. Schoch and C. P. Bnndolph, J. Phys. 
Chem. 14 (1910), 719, arc somcwliat different, the experimental method 
employ,ed being somewhat different, b\it the same general conclusions can 
be'drawn from both sets of curves. 
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current densities!, the poteRoial a| the digsojvinft anode is* only a 
little above the equifibrium .value. * Unde* such,-*^rcumst^ico.s, the* 
current density being small, ilie rate (rf di.ssolution is coirc.spond-' 
ingly low ; luit nevertheless practically all the ensrent* \thich (ioc.s 
pass is devoted to the dissolution of the enqdo. If' lft)jfe»cr,‘ by 
increasing the E.M.F. applied to the*electr(*l 3 dic cell imd so inoreas- * 
ing the current density, we attempt to hasten the dissolution still 
further, an entWly contrary result takes place. At a eertain' 
limiting current density (point 15), the anoffp potential t.'Sehea* a 
value at which the accumulation of oxygen upon the electrode 
becomes important; at that point the change produced on the 
surface of the electrode begins to interfere with the anodic dissolu¬ 
tion of the metal; the current begins to diminish and if time is 
allowed drop.s practically to nothing. Nor docs the current begin 
to pass ugain until tlui anodic potential is made high enough to 
allow the evolution of oxygen in gaseous form (point (J), and 
Ix^yond that' point jnactically all the current that passes is devoted 
If) thficvolution of oxygen, the anodic dissolution of the met.il licing 
almost negligible. 'The electrode thus functions as an “ uniitlaclc- 
able electrode,” like a platinum electrodi', and the metal is said to ■ 
be “ passive.” 

If the current l)o shut oil, the iron quickly returns to its f)riginal 
“ active ” state, the potential dropping to a negative valT»e similar 
to that which was shown before the metal became passive ; but this 
return to the active state takes an appreciable time. If nitric acid, 
in the place of sulphuric acid, is employed, the potential remains 
elevated, and the metal retains its acquired “ noble ” properties for 
a perif)d varying between one and twenty minutes. Then suddenly 
the potential “ tumbles ” to a negative value, and the metal be¬ 
comes active. If the E.M.F. is applied again before the “ tumble ” 
has occurred, the iron will function ns an “ insoluble anode ” ; if it 
be applied after the ” tumble ” has taken place, the iron will bo 
found to have I’egaim'd its original powei' to dissolve ipiantitatively 
at Iflw current densities. » 

Evidently, therefore, the change in the natui’o of the electrode is 
of a character which survives after the polarization agency is 
removed? If the change consists in the formation of an oxide film, 
the time which elapses before the electrode bceomds active must bn 
regarded as the time taken by the acid to dissolve the oxide film. 
It is noteworthy that in neutral or alkaline liquids, in wTiich the 
oxide would be almost insoluble, the iron Remains passive for a 
much longer period after the polarizing E.M.F. is shut off. In order 
to restore the passive metal quickly to the original “ active ” state, 
it is always possible to paRB current in the contrary direction, that 
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is to pMarizc the motaj catho(^iciilly/^ The hytjrogen liberated 
during erfohodio hnjarization cfftictually removes the oxygen from 
'Vhe surface, and, when the rtiverse cfwrron^ is shut off, the potential 
is asi low as thal.iof the metal at the heginning of the operation, or 
possibly l.AWer'.' T'hc [ui'tal is now once more active, ari'd is capable 
' of ellicient dis.wlutiou wk>en it is once more made the anode at a low 
curijmt dei^isity. Thus, whilst anodic treatment may cause the 
{woduction of the passive state, cathodic trcatrficnt is favourable 
to ■•the vestoration of,activity. 

Since the passivity of the polarized electrode is believed to be 
due to the presence of oxygen on the surface, it is not surprising to 
find that the " limiting current density ” beyond which one cannot 
pa.ss without causing ]ias.sivity, is much lower in alkaline solutions 
when^ the hydroxyl concentration is high, than in the pre.scnce of 
acids. Thus alkalis are favourable t<i the passive state^acids to 
the ac.ti\e state. Likcnvi.se the, ))resenc,o of oxidizing agents - 
especially nitrates or chromates favours passivity, and the 
presence of reducing agents favours the restoration of the jetive 
condition; this is also readily understood. The approximate 
values of the limiting current de])sity above which passivity sets 
in—if suflicient time is allowed—is shown by the following table ' - 

Approximate 

Electrolyte. Limiting Current Density. 


N rotassiiini sttiiiljalo, N/lOO siilplniiic- acid 

Milliiitii|is per .■^q, fiii. 

350 

N Polivtssiiiin .sulpliale . 

300 

K 

N Potassium sul|iha(c, pohissiuni liydroxiflc 

250 

■V 

N Potjissiiiin siiljduitt', -- iMtlussiuni fiydmxidc 

10 

N 

Potassium hydroxide . 

Very low 

N 

Potassium nilrntc 

50 (viij^uc) 

Potassium di<“hromalc . 

Wry low 


It should he noted that the appea/anee of passivity is much less 
likely with a warm solution than with a cold one. 'I'his is lyadily 
understood,»sinc8 the normal reaction 

Fe —>- Fe" + lie 

will proceed mufh more readily at high temperatures than at low 
ones, and hence the accumulation of oxygen will not occur. 

' Based on Itu? data given by K. Ft Selioelt and (.'. It Itundotpti, Pkijs, 
Ch(^. 14 kl910), 719. 
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Very importifnt the action «f chloriilesi Infitpidcs and iodides 
in keeping a metal “ actjvo” it is veryklimciil^to rontjJr a mftal 
passive by anodic polarizatidh in tlu^ ♦presence of ^hlorides. The 
discharge of Cl' ions, unlike the discharge of (Nf)*)' or 

ions, does ilot lead to the aeouiniilation of o>^'geu on tfio> surface of 
the iron. An iron electrode which has l)!‘en rendt+ed passive by' 
])olari?,ution in a sulphate solution coniiuences to dissiilve again if 
a small ({uantity of chloride is added to the solutj^)n. The actic.ns 
of chlorides in restoring activity to a “ passive ” metal is a very 
general one, and is not confined to tln^ ease of iron. The chlorides 
do not appear to dissolve the luotcetive 111m, but- they do appear to 
loosen it, preventing it from clinging to the electrode and thus 
rendering it non-compact and non-protcctivc. I'lic action may 
perhaps be connected with the known “ peptizing ” elfect of metallic 
ehloride.s* ujion hydroxides ; the pre.sent writer has put forward an 
ex|)laMation based on (ainsideraSons of surface energy.' 

It is noteworthy that the iirocess of passi\ ity re((uircs a certain 
time* If an K.M.E. snfKcicnt to cause a current density exciv'ding 
the limiting value is apjilied to an electrolytic cell furnished with 
an iron anode, the iron goes into solution at first, but, gradually— ■ 
as oxygen commences to accumulate, upon the anode—it begins to 
dissolve less readily, and liually becomes completely ])a.ssive. ^ If 
the E.M.F. is not suilieient to cause evolution of oxygen in gasjous 
form, the current sinks to zero ; if, on the other hand, the E.M.F. 
is suilieient to cause (svolution of oxygen in fmhbles, a current, 
continues to pass, but is concerned almost wholly with the pi’oduc- 
tion of the gas. 

'I’he tinier needed to cause pas.si\ity is greatly ta'dnced if dis¬ 
solved oxygen is already present in or around the anode.- This is, 
perhaps, the cause of an interesting fact noted by Ilcathcote,-' who 
rendered an iron electrode pas.si\-e l)y anodic treatment in sulphuric 
acid, and then allowed it to regain activity by shutting off the 
eivrrent; when it was active, he turned on the current, and made 
it passive again, repeating the operation several times. He found 
that on each snccc.ssive occasion, a shorter time was needed to make 
the irpi^ passive ; it was possible, as In; expressed it, ” to teach'the 
iron Jto becomo passive.” Presumably a certain amount of dis- 
•solved oxyjisji remained in the solution (and possibly in the elec¬ 
trode) even after the electrode had become active, and thi s oxygen 
helped in making the iron jiassive when the current was again 
turned on. * 

* U. K. Kvniis, Tmna. Faraday Soc. 18 (19^2), 1. 

♦ H. G. Bycra and 8. C. Langdon, J. Amir. Chem. Sue. 36,J1914), 2004. 

“ H. B. Hentticole, ./. .s'oT. (d„m. hid. 25 (1907), 902. 

« 
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Very'striking is thp jhenomevnon of “ periodicity,” so often 
noticed ih experiments wn passivity. It only occurs when the 
'hyirion concertrfi|tion and tJie E.M.ilh applied to the cell fall within 
cerlwin linlits. Buppo.sing the iron anode is first of all active; a 
conSidsrilfrlh chrront j}a.sses at first, but this renders the'iron passive 
and the current falls off.'' The evolution of oxygen then e.oinmhnces 
and, eau.ses,a highly acid layer in the solution close to the anode. 
After some niinytes the acid causes the electrode! to.bec'ome active 
aghin ; "the iron thenr'ommences once more to dissolve, the current 
rises, and the evolution of o.xygen cea,ses. Soon, however, passivity 
sets in a .second time, and the alternations between activity 
and pa.ssivity continue indefinitely. The jx'riodicity may be 
reeognized either by the alternate rise or fall of the leading of an 
ammeter in series with the cell, or by the periodical evolution of 
oxygen gas, which occurs only when the iron is in the pas.'tlve state. 
It is evident thaV -in general-the equilibrium potential of an 
iron electrode depends, not merely on the concentration of iron ions 
in tlje solution in which it is immersed, hut to an even gjeater 
extent on the “ previous history ” of the electrode. If the 


• electrode has lately been subjected to cathodic polarization, the 
potential will be low—probably between —-0-4 and -0-7 volts— 
and the metal will be active. If it has been subjected to anodic 
pokrizatien, the potential will be high (po.sitivo) and the metal will 
be passive. The actual value of the ])otential of pa,ssive iron 
depends on the nature of the anodic treatment, and will—like the 
[)otential of platinum—be made higher by the presence of strong 
oxidizing agents in the liquid in which the iron is immersed. In 
fact, a passive electrode should not be regarded as an iron electrode 
at all, but I'athcr as an oxygen electrode. 

It is evident that cathodioally polarized iron cotitains hydrogen, 
and it can be .stated definitely that iron containing hydrogen is 
active, likewise anodically polarized iron contains o.xygen ; iron 
containing oxygen is therefore passive. The question naturajly 
urises : Is iron containing neither hydrogen nor oxygen activ4 or 
passive ? It would seem rational to expect it to be,active, but the 
theory has been advanced by certaiA German chemists thaj pure 
iron is—in itself—passive, and only becomes active in the presence 


of hydrogen i thiS is called the “ hydrogen theory ” jjf passivity,^ 
whilst the alternative view—that pure iron is active, and only 
becomes passive under the influence of oxygen—may be called the 
“oxygen theory.' 


‘ G. C. Schmidt, Trann. Faraday Soc. 9 (1914), 257 ; W. Rathert, Zeitsch. 
Phya. Cham. 86 (1914), 509. 

“ E. P. Sehoch, Trana. Faraday Poc. 9 (1914), 274; F. hlade, Zaitseh. 
Phyti. Chem.7b (1911), 513. 
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It is not so eaisy tp decide between thesio j>wo *Uieories by direct 
experiment as one might (jxpect. Iron doifi not up itiji’ooelucjed' 
gases at all readily, and, although bv* heating in {jn inert gas or 
in vacuo, a large proportion is evolved, it is diHimilt tt)’cnsure tbal 
the last tracts have b(a‘ii eliminated. iVlo.st of^he evideiior’addueed 
on either side is open to criticism l)y the'sujiportcth of the rival 
theory. Active iron, after heating in vacuo, is found, still to be 
active, a fact svhicb appears to su])|)ort the " o.xv 4 ;en theory',” (ri 
the assumption that the whole, of tlu^ gases* are expelled by tlie 
treatment.' Likewise, after a clean surface of iron has been 
obtamed by grmding, the iron—whether passive or active before 
the ])rocess- is always found to bo active." It must be admitted 
that these arguments are not conclusive, but they certainly .seem 
to favour the ‘‘ oxygen theory.” Aloi’e convincing - in the opinion 
of (he prehent writer— is the argument founded (.)n the comparative 
behaviour of different metals. Metals like iron and nickel having 
oxides soluble i]i acid but not in alkali tend to become active in 
acid solution and passive in alkalis, iMctals like molybdenum.and 
tungsten, tlu^ principal oxides of which ai'C soluble in alkalis, tend 
to become jiassive in acids but activrs in alkalis. This would ' 
certainly seem to support the view that passivity is due to some¬ 
thing in the nature of an oxide film. The oxygen theory will 
thert'fore be adheri-d to throughout this book." ’ *“ 

If n is agreed that the more or h.'ss lasting change brought about 
in iron by anodic polarization is due to oxygen, it is necessary to 
inquir(; further into the nature of the protective film which retards 
or prevents the di.ssolution of tlu! metal itself, whilst allowing of 
the discharge of anions and the production of oxygen on the surfac('. 
The early view that a film of some known oxide, such as the mag¬ 
netic oxide (h'e 3 () 4 ), exists upon the surfaers was extremely natural. 

It has, however, been demonstrated that the optical properties of 
the iron surface generally undergo no change when the iron becomes 
passive- although the [)rescnce of an oxid(!-tilm of any appreciable 
thiefiness would certainly cause such a change."’ There does not ' 
ap})ear, howevet, to be any valid objection to imagining that tlie 
protectjvx! him consists of a rkyer of adsorbed oxygen atoms, or 

• > 

’ 1'. Flado SIWI H. lioch, Zeitxh. Klektrochein. 18 (1912), Stb. 

" W. Muthmann and F. Fraunborger, Sitzungsber. Bayer. .4Fad 34 (1904), 

201 . 

* Some of the arguments advanced for tlie different theories of passivity 
are summarized by G. Senter, Trans. Faraday Soc. 9 (1914), 203, who is 
inclined to prefer the ” Hydrogen Theory.” See also J. Stapenhorst, Zeitsch. 
Phys. Chem. 92 (1917), 238. 

* W. J. Mtiller and J. KOniMberger, Zeitsch. Elekirochem. 13 (1907), 659 ; 

16 (1909), 742. See, however, r. Krassa, Zeitsch. Elektrochem. 15 (1909), akO. 
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possibly molecules, 'fi- tmy attacked to the surface'; As in the case 
oLplatih|im, thet^surfaco can then ,he reyarded as coated with an 
oxide-film of variable composition, 'but not a filnr of any oxide 
known in oho i^assivo condition. The firmly attached oxygen 
atoms wtAild not provent the discharge of (SO,)" or (OH)' ions on 
the outside ol the layer, the liberated electrons passing through the 
oxygen layer into the metal below ; thus the layer would allow 
those electrodic reactions to take jdace which give rise to the, 
evolution of oxygen."' On the other hand, the passage of iron ions 
in the ojiposite direction would jnobably be hindered, for the size 
of an iron ion is very much larger than that of an electron. Thus 
at a passive electrod(% tlie change 

Fe. - Fe" -f 2c 

would become extremely .slow. That the anodic dis.sol'ution of a 
passive anode does not entirely (tease, but eontinm'.s to occur very 
slowly for an indefinite time, has been demonstrated by more than 
onembserver.' It is stated that the current efficiency of disshlution 
in the passive state is often about 1 jkt cent., whilst that in the 
active state is over if.) per cent.- Additional evidence that there 
is something in the nature of an obstructive film upon jiassivc iron 
ii afforded by investigations upon tin; photo-electric effect. Like 
all raetais, iron gives off electrons when exposed to ultra-violet 
light, but it has been found that tlie effect greatly declines when 
the iron becomes passive.^ 

Whilst many chemists regard the protective influence of the 
oxygen layer as due to inirely mechanical laiuses, others ■* prefer 
to look upon the oxygen in the anode as a “ negative catalyst,” 
which exerts an unfavourable influence of a chemical character 
upon the changi; 

Fe Fe" + 2e. 

Possibly the film of adsorbed oxygen may act as a “ poi.son ” just 
as a film of adsorbed arsenic or .sulphur upon a platinum catalyst 
acts as a poison,” hindering reactions which ,would otherwise 
take place at the jdafinum surf doc. 'I’hc theory is sopiewhat 
vague ; but it has been pointed out in .support of it that,jin the 
electrolysis., of jiotassium iodide between jilatinum jlcctrodes. the 

* Sec Heathcote, J. ^ioc. Vhem. Ind. 26 (1907), 906. 

^ C. A. Lobry de Bri\vn, Her. Trav. Chim, 40 (1921), 30. 

® H. S. Allen, Trans. Faraday *S'dc. 9 (1914), 247. Compare W. Frese, 
Zeitsch. H7.y.8. Fbnh. 21 (1921), 37. 

* (j. Grube, 2'rane. Fai-aday Soc. 9 (1914), 214. For otlier examples of 
apparent negative catalysis at an elecii-ode, see 0. Reichinstoin, Trans. 
Fifiaday Sbc. 9 (1914), 228. 
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presence of a little oxygen iA the iviode grja^ji iilterferes with the 
production of iodine A ^ , * .. ^ 

Chemical Passivation of SronA Although -th^ passivity of 
metals is most conveniently studied by observing Ihp sudden rise 
of potential caused by anodic polarization, yet* it is extreittel^ easy 
to ina5c iron passive by immcrsibg it in an fixidizing ifgent without 
the use of the electrical curnmt. When iron is ininierscd«n concen¬ 
trated nitric ac’d (specific gravity 1-3 to 14) it dissolves at first, 
but the velocity of attack soon drops, and linMly the iron becomes 
passive. It is noteworthy that only concentrated acid (specific 
gravity exceeding 1-2.5) produces this passivity ; nitric, acid of 
gravity below 1-25 slowly renders ])assivc iron active. 'Fhe activa¬ 
tion is however usually slow, and Heathcote proposes the immersion 
of iron in nitric acid of spe(3iiic gravity 1 -2 as a test to decide whether 
a given jnefce of iron is active or passive. If active, the iron at once 
evolves gas when dropped into the acid ; if pa.ssive, the iron is 
unaffected by the dilute acid for several hours- - after which it 
becomoB active, and commences to dissi.)lve. * 

Immersion in other oxidizing agents, such as chromic acid or 
potassiiim permanganate, often renders iron and other metals 
])assive. Periodicity is observed not infrequently in the “chemical 
passivation ” of metals. 

Various experiments arc described by Healheote which .seem tb 
prove that the passivation by immersion in a solution of an oxidizing 
agent may—in many cases- be really electrical in character. Iron 
immersed in nitric acid of gravity 1-3- - that is, just above the 
limiting concentration— only becomes j)assive very slowly. But if 
the iron is touched by a piece of lead or gold—metals which stand 
above iron in the Potential Serie.s—it becomes passive at once; 
presumably a short-circuited cell of the type 

. Iron I Nitric Acid | Lead (or Clold) 

is prsdueed, in which the iron functions as anode, and passivat ion 
quickly acts in. On the other hand, if the passive iron is afterwards 
touched with a stick of zinc, the iron becomes active again. Fp" 
zinc ocenrj below iron in the Potential yeries, and in the cell 

Zinc I Nitric Acid | Iron, 

% 

^ Tho prosont writer luis suggested that tlie prosenco of the«^. film 
linking tho metal to tho solution decreases tho surface energy of tho interface,^ 
Metal I Solution, and thus renders tho system mord stable*; the increased 
stability is shown by the ‘' onnoblomont " or “passivity" of tho motal. 
See U. R. Plvans, Trans. Faraday Soc. 18 (1922^ 1. 

* H. L. Heathcote, J. Soc. Ckem. Ind. 26 (1907), 899. A very largo nuyiber 
of most interesting experimental are described in this pajier. • 

M.O.—VOL. I. 
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the iron is cathode, ^ajjid„the catjjodic fjolarization. renders it active 
once mdre. 

Very interestirig are thei effects ff bringing into, contact below 
the surface of & liquid two iron rods, one active and one passive. 
Evidentiy,' tile potentials at the surfaces of the two'rocls will be 
different, and the shori-circuited cell 

Passive 

Electrolyte 

Iron 

will produce a current, which will, in general, continue until the 
oxygen concentration upon the surface of both becomes equal; in 
other words, until both are aedive or both pa.s.sive. A.s to which of 
these two events will occur depends on various factors, notably on 
the coinpo.sition of the electrolyte ; if the liquid is nitric acid, the 
active rod will usually become ])as.sivc, whilst, if the electrolyte is 
sulphuric acid, the passive one'will beeomc active. 

Passive iron ditfers considerably in chemical pro])erties from 
ordinary iron. As stated above, it does not dissolve in nitt'ic acid 
of specific gravity 1-2 ; nor does it jireeipitatc metallic silver from 
silver nitrate solution. 

Passivation of Other Metals. Other metals which occur close 
to iron jn the jicriodic table show a similar tendency to become 
passive, when anodically polarized above a certain limiting current 
demsity, or when immersed in oxidizing agents. Often exposure in 
the air causes a marked rise in the equilibrium potential, whilst the 
scraping of the surface causes the jiotential to a.sHume a more 
"active” value.* 

Nickel becomes passive more easily than iron ; if the anodic 
method i.s employed, ]ias.sivity sets in at a very much tower current 
density ; moreover, the metal n!main.s passive for a longer time, 
other things being equal, when the polarizing current's shut off. 
On the other hand, cobalt - requires a higher current density than 
iron before it becomes passive. ’ 

The passivity of nickel i.s of some irajiortance in nickel plating. 
It is customary in a nickel plating bath to use anodes of nickel, 
which should dissolve as the curreiit passes and— under conditions 
of perfect mirrbht efficiency--supply exactly as much nickel to the 
bath as has been lost by the deposition upon the cathode. So long 
as the anodic current density is very small, the anodes usually 

‘ W. .Muthinanii and F. Fraunberger, Silzungaber. Bayer. Akad. 34 (1904), 
201 . » 

» y. G. Byers and C. W. Thing, .1. Amer. Ohem. Boc. 41 (1919), 1902; 

Th' G. lij%r.s, ,/. Atiier. C/iilii. Bor. 30 (I90t), 1718. 


Active 

Irtn 
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dissolve tolerably well; bu(f, if at »ny moment it becomes excessive, 
they turn passive, and practically cease t* dissrflye. Not* does Jhe* 
dissolution ree/Jmmence whenyfhe currant densitj' i.j lowered again* 
to the proper limits. Therefore, wlien once passivity* has seif in, 
the bath beeomes impoverished of nickel andjsonif^ fresB ifiokel'salt 
mu.stHBc added ; incidentally the evolution»of oxygfnaat the anodes ‘ 
tends to render the bath more acid, and so interfenis wifti Jhe 
current efficienoy *of the deposition at the cathode. Chlorides .ire* 
often added to the plating bath to reduce tla^ danger of paksivify. 

The case of chromium ^ is a curious one, because here there is 
a high oxide (Ci'Oj) which is quite .soluble in water. At a tempera¬ 
ture of 100°, a chrominin anode di.ssolves quantitatively in potassium 
chloride solution producing blue Cr" ions : from the blue solution 
produced, the salt (h't'L can be obtained by crystallization. If, 
however, ithc same expiuiment is tried at ordinary teinjieratures, 
even a very low current density it sulticient to make the chromium 
passive, and dis.solution does not take place. Evidently the oxygen 
accunyilation on the electrode surface liecomes sufficient to interfere 
with the entry of the metal into the ionic state. If, however, the 
E.M.F. applied to the cell be niadi^ high enough, the chromium starts 
to dissolve once more, hut now as the yellow oxide CrO., (or its 
hydrate, chromic acid, H ^CrOj); evidently the dissolution will only 
commence when the anodic; potential is so elevated that tl..'; oxygen 
concentration becomes sufficient to produce this high, endothermic 
oxide. It requires a potential of at least + I •] volts to oxidize the 
chromium to the oxide CrOj. If there is pre.sent in the solution an 
anion which can be discharged at a lower potential, the accumula¬ 
tion of oxygen in the chromium will never become sufficient for the 
formation of the soluble oxide t'rOj. Now the iodine ion, I', is 
discharged at all potentials exceeding about + 0-(i volts, and it is 
not surprising therefon; that when a chromium anode is u.sed in a 
solution of cold [lotassium iodide, yellow chromic acid is not fornn'd. 
and the anode remains unattacked. 

For some reason, the failure of chromium to he dissolved 
anodicallyin a solution of potassium iodide is looked upon by sup¬ 
porters of the '■ fiydrogen themy ” of pas.sivity as a fact that cannot 
be explained upon the "oxygen theory” ; in the opinion of the 
present writer, the explanation just given 2 is far Siore,satisfactory 
than any that the mipporters of the “ hydrogen theory ” have to 
offer. *’ 

* W. Hittorf, Zeitsch. Phy$. Chem. 25 (1898), 729 ; 30 (1899), 481 ; 34 

(1900), 386. • 

* Practically identical with tlic view taken by 0. W. Beimett atukVV. S. 

Burnham, Trans, .inter. ElecK'oehem. Poe. 29 (19111), 252. • 
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Chromium in tlfe aqtiva state ^hus dissolves to produce the blue 
dii{alent*’,chromo^iSi ion'(Cr’'); chromium in the passive state 
dissolves to foi;m the yellovr chromifl’acid, or a chromate, in which 
the'metal i^ hcitayalent. In the active condition, dissolution can 
occur «t a negative jvitential; in the passive conditioil, dissolution 
requires a potential made highfy positive by means of an extdinally 
applied E.M.F. Thus active chromium behaves as a metal similar 
to zinc or cadm,ium, between which it falls in tlie Potential Series, 
whilst passive chrommim behaves as a highly noble metal similar 
to platinum. '.Ihe occurrence of the active or pa.ssive condition is 
determined largely by the solution in whi(di it is immersed, 
oxidizing agents—even dissolved oxygen- being favourable to the 
passive condition. But temperature is also an important factor, 
and, as stated above, a chromium anode generally remains active 
in potassium chloride solution at 100“, but becomes i)ass'.vc in the 
.same solution at ordinary temperatures. Thus the cell 

Cr j KCl solution | NaNOj | AgNOs solution | Ag 

furnishes at 100“ a continuous current, with an E.M.F. of about a 
volt: whilst current is being generated, tlic chromium goes into 
solution as the blue chromium ion (Cr”). But, if the same cell be 
u^ed at ordinary temperatures, the chromium soon becomes passive, 
aiftl the^current practically ceases. If by applying an external 
electric battery (a couple of ordinary Daniell cells, for instance) we 
force current through the cell, the chromium will be seen to dissolve 
as yellow chromic acid, not as a blue chromous salt. 

'I'he other metals of Group VIa also display very diverse pro¬ 
perties according to whether they are in the active or ])assive 
state. The potential of tungsten, for instance, may vary from 
— 0-67(i volts, in its mo.st active condition, to -f T013 volts, in 
its highly passive condition.* Moreover, in the same group, we 
meet with a curious departure from the general rule that acid.s 
favour activity, and alkalis passivity. Molybdenum, for instance, 
is rendered pas.sive by treatment with hydrochloric acid, whilsii; the 
activity is restored by treatment with caustic alkali.** If passivity 
is due to the presence of an obst'uctive oxide film, there is no 
difficulty in explaining this ; the best-known oxide of mofyb.denum 
is readily snlubtc in alkalis forming stable molybjigtes, whilst it 
has but^eble basic properties and is only with’ difficulty dissolved 
by acids. 

Valve Action. In all the metals so far considered the presence 

^ E. K. Ridea!, Trans, f^amday Sor, 9 (1914), 281. 

W'. Mu^hmann and F. Fraunberger, ASitzungsbrr. Bayer. Akad. 34 (1904), 

2lV 
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of an oxide film or oxygen film does no* ijr»vonf the passage of^ 
electrons across it; anc^ consequently, the dt'stharge ani(vis,^ 
with the evolution of oxygen gjis, can t.<»ntinuo even ^vfter the anode 
has become passive. It is evident that if a filjja* exists upon* an 
anode whiclf is an electrical non-conduc tor* clectrodio •reactions 
of theft character must cease also. In the case df a polarized 
aluminium anode this appears to bo the case. • • ^ 

If an electrolytic cell be made up with an alujiinium cathrde 
and a platinum anode immersed in dilute .salphuric acid, and an 
E.M.F. be applied, current passes through the cell quite easily ; 
but, if the E.M.F. now be reversed, so that the aluminium be¬ 
comes the anode, the current quickly drops and finally ceases 
to flow altogether. Thus an aluminium electrode acts as a 
■■ valve ” ; it allows current to flow in one direction, but not in 
the other.* 

Our knowledge of the causes i»f valve action is largely due to 
the work of Schulze. ‘ It is well known that a very thin oxide, film 
always exists on the surface of aluminium which has been exposed 
to the air ; the film is normally so thin as to be invisible, but it is 
the existence of this compact and tenacious layer that allows 
aluminium- a highly reactive metal -to remain bright and ap¬ 
parently unaffected by the atmosphere. The film is a rather bad 
conductor of electricity ; it is well known that it i.s rather diffiotTlt 
to make a good electrical contact on an aluminium surface. Never¬ 
theless, owing to the thinness of the film, it does not normally 
insulate the aluminium, and—as has been .stated above—an alu¬ 
minium plate can be successfully u.sed as a cathode in an electro¬ 
lytic cell. If, howevei-, aluminium is used as the material for the 
airode, the case is different, siiutc the effect of the anodic reaction 
is to make the film thicker. The film is, even at the commence¬ 
ment, suificient to prevint aluminium fi'om passing into the ionic 
state ; in other words, aluminium is from the commencement 
(lassivc. As in the case of passive iron, the only possible anodic 
reactions involve the discharge of anions, leading to the formation 
of oxygen, and an accumulation of oxygeir soon occurs at the 
surface. It is probable that ao first some few of the ions burst 
through tire original protective film, thus making it porous, and 
allowing the ory^gen gas to attack the metal below. A.s a result, 
the thin, compact, invisible film of oxide soon become^ cqpverted 
to a very much thicker layer of porous aluminium oxide; th^ 
thickness is indeed often sufficiently great to ftiake a’ visible change 

* Ci. Schulze, Trans. Faraday 8or,. 9 (1914), 2()(j ; Ann. Fhys. 21 (1906), 
929 ; 22 (1907), 643. Another yow of valve-action is presented bj^A. limits, 
Proc. Amst. Acad. 22 (1920), ^76. 
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,in the appearance of fh(t surface, which begiijs ttf show the intor- 
,fei(Oncc colours ^Jihractdristic of o.xide-fjtmsA 

V'ery sopn tj'c bottoms rtf the portes become filled with oxygen 
gas,^ andj we t.hu's, get a layer of gas next to the aluminium; it is 
this layef of gas which causes the effective electrical insulation 
of the whole ^node. Tftc current, therefore, dimini.shea and linally 
/^eaSes to IHw altogether, apart from a stnall leakage current which 
depends on the, E.M.F. aj)plied to the cell. It the E.M.E. applied 
to the celt containing sulphuric acid is rai.sed to about 25 volts, 
this leakage becomes very appreciable, and i.s accompanied by 
numerous small sparks at the aluminium surface, which pre- 
siimably indicate the piercing of the film in different places by 
anions or electrons. If the E.M.E. is raised above 25 volts, the 
insulating film breaks down altogether, and a large (Uirrent Hows 
through the cell: in other words the ” maximum voltage ” which 
the film can withstand in a sul[)ti\iric aciil solution is 25 volts. 

The magnitvide of the leakage current which passes at any given 
potential (below the maximum voltage) depends both on the tem¬ 
perature and the compositioii of the bath. It i.s much greater at 
liigh temperatures than at low oiuw. If a small amount of chloride 
is added to the sulphuric acid, the leakage current is greatly in- 
creii,scd.® The leakage is much less in a j)urc ])ho8phate hath than 
irf a sul()hurie acid bath, l)\it the addition of quite small amounts 
of .sulphates or chlorides to the phosphate bath increa.ses the leakage 
in a most notable degree. 

The maximum voltage which can be withstood before a breakdown 
of the film occurs also varies very greatly with the nature of the 
bath ; whilst in sulphuric acid, the film breaks down at 25 volts, 
in a borate bath 500 volts must be apifiied before the film gives 
way. It is noteworthy that the maximum voltagi^ withstood is 
generally greater in dilute .solutions- in which the anions are 
.scarce - than in concentrated solutions, although exceptions to this 
rule are known. 

The following table gives the maximum voltages attained in 
various baths hy aluminium, and also hy tantalum,'* niobium,® 
magnesium,® antimony,® bismuth,® liirconiuin,’zinc,® and cadmium® 
—other metals which show valve-action under certain conditions. 

^ I. Zirnmormaiin, Trans. Amcr. Klectrnchem. ^or. f^{1904)» 147. 

^ W. Taylor and K. H. liiglis, Phil. Mag: 5 (1903), 301. 

* (j. E. Bairsto ami K. Morcor, Trans. Faraday Sor. 7 (1911), 1 ; W. K. 
Wott, Elecirochn'i. Jnd.t 2 (1904), 352. 

* G. kSrhulzo, Ann. Phys. 23 (1907), 220: 6-*» 223. 

5 0. Schulze, Ann. Phys. 25 (1908), 77.5. 

« (;, Kcliulzo, Ann. PAy«. 24 (1907), 43. 

J Vj. -H# Walter, Electrician^ 7! (1913), 1057. 

» a. Schulze, Ann. Phys. 26 (1908), 37i. 
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t 

Aluminium. 


Tantatum, 

t ' Niobium. a 


Volte. 

• 

Vofts,! . , Volts. 

(NHiljHBO, . 

. 500 

KjCO, y. dil.) 

1 650 ;Ha* .... 300 

HjAsO, . . 

. 450 

KjCOj (iess dil.) 

. 2.50 1 (Nir,)^IlP@.l0-l% ) *30 

(NHd^HPO, . 

. 360 

H 3 SO 4 (v. dil.) 

. 4.30 (Nf/^)3KPO*(40%)210 

(NHJtCO, . 

. 260 

Ha (dilute) . 

HjSO, . . 

. 25 

KOH (cone.) . 

. 1 * 



KOH(v. dU.) . 

. 450 { Zirconium. » 


* 

HjAs 04 (v. dil.) 

- 470[h^sO.,,(3%) . . 105 




'^Lithium citral.i • . 12.5 

Antimony. 


Itlsmuth. 

Magnesium. 1 

KOH , , . 

. 500 

KOH . . . 

. 500 KOlf . .75; 

KCl {v. (HI.) ov 

T 700 

KCl (v. dil.) . 

1.5 KjCO, ((WIKI.) . .120 

H(‘l . . . 

. 250 

HCl . . , 

10 (NHd.HPO, 1 

HNO, . , . . 

0 

HNO., . . 

0 contniiiiii^ . 350 i 

k ,(;03 . . 

. 500 

K.(X), . . . 

. 300, Nir, 1 ! 

HjfSO, (dil.) . 

. 220 

H..SOi (dil.j , 

. ;i()0 ' Most \ No 




otlicr valve- 

0 



oloctrolytcH j oct^ix 




Zinc. 




KX03(10%) . . 83 




1 Cadmium. 




K.COjCUPi) . . 31 



.. 



With regard to the valve-aetion of metals other than alnmiiiium, 
it will he noticed that the tantahnn film can stand, in many eases, 
a higher ])otetitial before breaking down than can the film formed 
upon ahimininm. 'I'antahim, antimony and bismuth show valve- 
action towards most solutions, although not to all ; for in.stance, 
a tantolum electrode exhibits no valve-action when immersed 
in a solution containing a fluoride. Magnesium, zinc and cadmium 
only exhibit valve-action under exceptional conditions. 

If a source of,alternating E.M.F. is joined through the ceil 

A1 fSolution 

(Covered of , 

with Phosphate 

film) or Borate j 

it is found that the current passes freely .during the half-perlbd 
when the aluminium is the cathode, but that—assuming that a 
suitable film has been “ formed ” on th(« aluminium electrode— 
practically no current prases when the aluminium is ihc 'anpde. 
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In other words,'tl^eiayematini; E.MF., sends a unidirectional 
'current Irhrough ’tbf c^lh^which fe thciefore saii to exert a “ rectify- 
'ing effect'” on tkc alterna|,ing curfpt. * , 

The redson *>«hy no current passes when the aluminium is the 
anode,w'ijl'be rcWily \inderstood, but it may appeat- strange at 
first that the,, insulating film Should not equally well prc'.mt the 
passage of current in the opposite direction. It must, however, 
'i)e remembered that the effective insulator is a film of gas. Experi 
m'eiits on the cdiiducljivity of electricity through ga.sea have taught 
us that, in general, when electricity passes across a gas-space from 
one piece of metal to another, it docs so almost entirely in one 
direction, free electrons being given off from the surface of the 
negative electrode. In a re(difying c('ll fitted with one aluminium 
electrode, the aluminium of the electrode contains free electrons, 
and, during the half-period when the aluminium is a cafhode, the 
electrons jiass across the gas-(ilnj_ quite reaclily. When, however, 
the aluminium l)ecomes an anode, the current ceases, for the 
aqueous solution on the other side of the film contains tjo free 
electrons, and the discharge of the borate or phosphate anions can 
apparently only occur when they penetrate to within an extremely 
small distance from th(! metal of the electrode. This view of the 
case is supported by the fact that if a piece of platinum foil is 
bilpught,close up against the immersed portion of an anodically 
polarized aluminium electrode, so that wc have a metallic surface, 
on each side of the gas-film, sparking occurs freely and the potential 
difference at the aluminium surface sinks to a few volts. ‘ 

Rectification is only met with in any marked degree at electrodes 
where a gas-film is believed to exist, A silver electrode, when 
u.sed as an anode in a solution of potassium bromide, becomes 
covered with a non-conducting film of silver bromide, which causes 
the current flowing to become extremely small. But such an 
arrangement is not an effective rectifier for an alternating current, 
because there is no gas-film present.^ 

It is of interc.st to note here the attempts made to employ “ elec¬ 
trical valves ” commercially in the “ rectification ” of an alter¬ 
nating current. It would bo highlyeconvenient,' in industry, to be 
able to use the E.M.F. provided by an alternating dynamo to charge 
accumulators. The commonest form of “ valve ” consists of a 
plate of aluminium and a plate of carbon im»\;rse(f in a solution 
of a ph(3Sj)H’<ite, Four valves of this character can be joined to 
the source of alternating current X,Y in the manner shown in Fig. 

' G. Schulze, Ann. Phya, 22 (1907), 5.'>.5. Compare K. K. Gutho, Phys, 
Rev. (1902), 327. 

»tG. SohUze, Ann. Phys. 26 (1908), 372.t 
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. •* 

88 (the relative position of the alnipinium ^latog, Al, and the’ carbon 
plates, C, should be noted); the hccumijat*or.vto bp ch;irged are* 
connected to tjie terminals P jind N, the positive* plate of the e’nd' 
accumulator being joined to ]'. Through each. ^ra>vb-cell, tthe 
electron-stroam can pass only in one dircctioij, nhnif iy th8t«shown 
by tl»«arrow. Consequently, no niatter »wlicther—^it any given 
moment—the side X of the sonriic of alternating current happpns 
to be positive, or‘negative, tlu^ terminal Pis ituariably positive* 
and the terminal N is invarialily negative. , The’charging* of the 
accumulators, therefore, proceeds continuously, irri'spective of the 
direction of the current as sc-nt 
out from X or Y. 

In spite of the convenience of 
such an arrangement, the alu¬ 
minium r jclifier has not met with 
much success. The film on tla^ 
electrode is liable to disappear 
i-ather, quickly when the current 
is turned off ; moreover, tbi' leak¬ 
age of current which occurs during 
the “ anodic ” half-periods is usu¬ 
ally high enough to render the 
rectifier an ineilicient machine ; 
the leakage is- as has been 
pointed ouh -greatly increased by 
the presence of impurities in the 
solution. The use of other 
metals in rectifiers has also been 
considered, hut, up to the pnv 
.sent date, the practical diflicul- 
ties do not a])pear to have been 
overcome, entirely.^ 

It is impos.sible to determine 
directly the normal electrode 
potential of any metal, towards a solution in which valve-action 
occurs ; the ordinary method ct obtaining a balance with a potentio¬ 
meter wfll clearly fail, since the current can only be made to pass 
in one direction. In the case of aluminium, the <oriq^tion of the 
tenacious oxid^-fihl^may be avoided by amalgamating the surface 
with mercury; the true equilibrium potential of*oxygen-free 
amalgamated aluminium is about — 1-3 volts, and upon such 

* See G. Schulze, Zeitsch. Kleklrochem. 14 (lOOSj, 'M'i ; 0. I. Zimmermanu, 
Trans. Amcr. Eledrochem. Soc. 7 (1905), 309 ; C. F. Burgess and C. Htvnbue- 
chen, Trans. Arner. Electrochen:* 6'oc. 1 (1902),.147 (and discussion^on p. 142). 


From source 
oF alternating 
E.M.F 




L- I Al 

f '■"i 




C. ....I Al 
t * 





To Accumulators 

l’'ii;. 88.- (,'tinncction uf I'ldvcs 
in the Rectification of an 
.Alferuafing Curroul. 




394 METALS AND METALLIC* COMPOUNDS 

measurements out l^nowjedge of,the vrfiue for the oiormal electrode 
‘potential of iiluraiviulki js founded. • On the hthcr hand, ordinary 
'oxide-coated aluifiinium iioj/cr show^ a potential lover than about 
— 0-3 vofo ai^d behaves- in actual practice- as a comparatively 
“ nbhle 'i Ina'uorial.', 

In the caseiof tantalum, it ifi po.ssible to determine the ^-^tcntial 
in {I fluorkje bath, in which valve-action does not occur.^ 

Classificatiqn of Metals according to tfieix Anodic Be¬ 
haviour. It is possikle to classify metals according to the behaviour 
which they commonly .show when used as the material for the anode 
of an electrolytic cell ; it is interost.ing to note that the cla-ssification 
corresponds--on the wholi'.—with the arrangement of the metals 
in the form of the pci iodic table employed in tliis book. 

Class (1). Metals which constitute normal soluble anodes : 

Copper, silvei', zinc, cadmium, mercury, tin and lead. ' All these, 
metals have perfectly definite 'equilibrium electrode potentials, 
which arc practically independent of the past history of the electrode 
em^oyed. 

It is interesting to ob.sorve that all the.se nudals belong to the 
'■ B ” groups—occurring on the right-hand side, of the periodic 
tabic. 

'ClassJ2). Metals which can function as soluble anodes at 
low current densities but which readily become “ passive ” : 

Iron, nickel, cobalt, chromium, molybdenum, tungsten. A metal 
of this cla.s.s has a definite equilibrium potential when in the “ active 
state ” ; but after anodic polarization at a current density beyond 
a certain limiting value, it functions as an “ unattackablc electrode,’* 
and tbe \alue of the, potential is then determined mainly by the 
amount of oxygen in the electrode, and by the presence- -or absence 

of oxidizing ageid.s in the .solution surrounding the electrode. 
'I'hus tbe ])otential at an electi'ode composed of any of tlmse metals 
depends very much on the “ past history ” of the electrode. 

It is possible that jdatinum and iridium shotild be clat^ilfiful 
with the “ pa.ssifiable ” metals, although the limiting current 
density in these cases is i)ractically,,nil, and the ifie.tals arc almost 
unattackablc under all circumstances. 

It is to be noted that most of the metals showing “ passivity ” 
belong to t*lie “transition elements” of the^T'eriodio table or to 
neighboifrinr Grou]) VIa. 

“ Class (3). -Metak which show valve-action : Aluminium, 
zirconium, niobium, tantalum, antimony and bismuth. Such 

r J, Heyrovsky, Trann. Ghem. Soc. 117 (1920), 27. 

1 G. von Hevesy and R. E. Slado, Zeitsch Elektrochem. 18 (1912), 1001. 
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motaL cannot—^n the orrliAary wp.y—fuiy,tk)tt a!s anodes, and the 
potential at the electrotie .sdrface' depeii<ls*ei^irely< on the past* 
history of the olectrode. The ■j’ornial chetrode jjcAential has usua'lly' 
to be determined by an indirect method for insttAict^ by the»uso 
of an amalgam—or by the employment of soin’e .spectaj* solution 
in wlrtCh valve-action is not displayed. • , 

Most of these metals occur in Croups IJIa, JVa, V^A^and Vy of 
the periodic tjbld, although not all the metals of the.se ground 
exhibit valve-action. , ’ * * 

Class (4). Metals readily attacked by water, which have 
solul)le hydroxides, can scarcely be tested as anode.s. 'I’lie normal 
electrode potential is determined by indirect methods, for instance; 
by tin; u.sc of an amalgam. Such metals are sodium, potassium, 
calcium and barium, all occurring in Groups 1a and ITa of the 
periodic (table. 

It is necessary to jioint out, Aow'cver, that tin; classification is 
only a rough one. Most of the metals of class (1) exhibit a species 
of pa.sfdvity when u.scd as an anode in a solution containing an itnion 
which forms an insoluble salt with the metal in question ; thus a 
h'ad anode in a sodium sulphate solution becomes covered with 
insoluble lead sul])hate, and the attack of the anode gradually 
slows dow’ii. 

Silver, used as an anode in hydrobrornic acid solution, bccom(;s 
coated after a time with a practically non-conducting layer of silver 
bromide, and thus exhibits a species of \alve-action. Iron, a 
typicad metal of Glass (2), merely becomes passive when used as an 
anode in dilute sulphurii; acid, but is said to exhibit valve-action 
in (auicentrated sulphuric acid. 

Summary. The anodic dissolution <if a metal can be regarded 
as the spontaneous passage of metal into the cationic .state, but is 
probably.in part due to the discharge of anions upon the anode, 
followed by secondary reactions. If the action of the anion on the 
metnl produces a crust of insoluble salt, the attack upon the metal, 
may soon cease. But if the salt produced is soluble, the metal 
will probably fUart to pass i^to solution, at any rate for a tiiue. 
So lon^ as the princijjal anion is the chlorine ion, the metal is 
likely to continue to be attacked quantitativelji. But when the 
principal anidli •iwmSOJ", or (NOj)', or, worse still, OH', oxygen 
or oxide may commence to accumulate at the anotfc;, find if the 
current density becomes unduly high, may, actually interfere wtth 
the passage of the metal into solution. The protective film of 
oxygen or oxide is very thin, probably ermsisting a single layer 
of adsorbed atoms or moiecules ; it can be regarded a% an'o^jide- 
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film of'variable cor^pos^ion, bv\}) raus# not be identified with any 
'of the o;(ides^kn'o\^Jn Ar \is in thb mat>sive statb. 

' Metals like iron*arc thus rendered 'passive anodically if the current 
density e.Voeedk.a j^iven critical value ; the potential then becomes 
highly,p«,sitiv( , aftd the metal liehaves as a noble material, and does 
" not recommence to efissidve eVen if the current density is.'«iuced 
once more below the critical value. However, in general, if the 
l>irrent is shut off and the metal is allowed to r^st, it becomes 
aeOive again aftfr a sl^ort time, the potential dropping to its original 
(negative) value. Oxidizing agents and anodic treatment favour 
the production and preservation of the passive state, e.specially 
at low tomporatures, whilst reducing agents and cathodic treatment 
favour the active condition, especially at high temperatures. In 
iron the presence of acids favours the active state, whilst alkalis 
favour the active state; in molybdenum- and other m<itals with 
oxides soluble in alkali the reverse is the case. 

Under certain circumstances, an anode may show “ periodicity,” 
becoming active and passive alternately. A passive anode usually 
dissolves only very slowly, but, in the case of chromium, which has 
a soluble high oxide, the anode dissolves readily if polarized suffi¬ 
ciently strongly. 

Iron can also bo rendered paa.sivo by immersion in concentrated 
nitiric aci^ (specific gravity above 1-25), but it is probable that the 
action is really electrochemical. In nitric acid of specific gravity 
1-3, contact of active iron with a noble substance like lead or gold 
renders it passive, whilst contact with a reactive substance like 
zinc renders passive, iron active. 

Where the insoluble film produced upon an anode is a non¬ 
conductor of electricity, current will cease to flow. A silver anode, 
immersed in potassium Iwomide becomes covered with silver 
bromide, which acts as an insulator and prevents the passage of 
current. An aluminium anode imtnersed in borax solution, how¬ 
ever, becomes covered with a film of gas, probably enclosed in the 
^)ores of a layer of aluminium oxide. The gas-film allows'thc^ 
current to pass in one direction, and not in the other. Thus an 
aluminium electrode on which a ski»\ has been formed anodically 
has a rectifying action upon an alternating current. Othel metals 
also display a valve-action of this sort (tantalum, bismuth, etc.); 
the maximum voltage which the metals will staird as Anodes, before 
the film bfealfs down, is often high (500-700 volts), but the leakage 
thtough the film is greatly increased by the presence of certain 
anions in solution (notably by chlorine ions). 



CHAPTKR XIll 


THE PRECTPITATTON OP ONE METAL BY ANOTHER 

Tlie Table of Norniiil lOleetroile J^otcntial.s indicates tbe tendency 
of the different metals to ])ass from the elementary into the ionic 
condition, j 'I'lie metals placed at the top of the table, which po,sscs.s 
positive potential.s, are noble elcnynt.s which show great reluctance 
to enter into solution. But, its we pass down the table, the poten¬ 
tials d'jninish and finally become nc'gative ; the metals accordivgly 
become highly reactive and readily enter into the ionic state. If 
we introduce a piece of one metal into the solution of a normally 
ionized salt of another metal standing far above it in the Potential 
iSeries the two metals will generally chiingo places. For instance, 
if a fragment of metallic zinc is introduc(‘d into a solution ci co 2 >];»r 
.sulphate, a spongy red-brown precipitate of metallic copper i.s pro¬ 
duced, w'hilst zinc passes into the solution, by the evaporation of 
which zinc sulphate can afterwards b(‘ i-eeovered. The reaction 
can be expressed 

Zn + CUSO 4 -= Cu + ZiiiSO.,, 
or, in ionic language, 

Zn -p Cii" I Cu + Zn". 

• 

The reverse reaction does not occur ; if metallic cojiper is intro¬ 
duced into zinc sulphate solution, no change is observed, since 4 
zinc does not stand above copper in the table of normal electrode 
potentials. ’ * 

Numerf)us other examples of one metal replacing another can be 
given. Metallic zinc will throw down lead, cop])er»mercury, silver 
or gold from tlJfe'Wii^tion of a soluble salt of any of these metals. 
Iron will replace copper, silver or gold. (topper will replace mercury, 
and so on. . • * 

When the normal electrode potential of two metals is close 
together, the question of the replacement of ■one by the other is less 
easy to predict. The norn*id electrode^ potential of lead»( --0d.32 
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'll , , 

volts) (lifiers buMiftle ^om thivt of till ( —0'146fvolts) ; towards 
'solutionii containiijg kor,nial cohcentvations ol the respective ions, 
' lead is the more noble ” .metal, byt it is only necessary to dilute 
thir solutibri cclfttaining the lead salt slightly to shift the potential 
and roni!(pr’le{.d the less noble metal. Thus it comes about that on 
the immersiop of metalKc tin in a lead salt solution (free Umt tin), 
lea.d is precipitated, but when metallic lead is immersed in a solu- 
'tion of a tin salt (free from lead), metallic tin is pfecipitated. In 
l)6th eases, the*'equilibrium 

iSn + Pb" =- PI) + Sn” 

is finally set up, when the ratio of the concentration of Sn" to Pb" 
in the solution is about 2-!)8.' 

Even more interesting is the case of silver and mercury. Here 
the normal electrode potentials are so close togethei'-tlwit it is still 
raf her doubtful which value is higher. Accordingly mercury reacts 
with a solution of silver nitrate, whilst silver ri'acts with a .solution 
of niereurous nitrate. But in both cases, the product of thephange 
is not a pure metal, but an amalgam or alloy of silver and mercury ; 
the proportion of .silver and mercury in the alloy, in the final state of 
equilibrium, will be determined by the res])eetiv(i concentrations 
of silver and mercury ions in the solution.'^ 

»There»are a few e.xccptions to the lule given above, which in 
.some cases still require a complete intei'pretation. Iron, when im¬ 
mersed in a solution of stannous chloride, should throw down 
metallic tin, but under ordinary circumstances this replacement is 
not observed ; it is stated that the presence of stannous chloride 
actually causes a serimis alteration in the electrode potential of 
iron,’’ but it is not clear why this should be so. 'J'hose metals, like 
alundnium, which are generally covered with an adherent film of 
oxide also show a somewhat anomalous behaviour, their precipi¬ 
tating power for other metals being much less marked, than the 
])Osition in the Potential Series would Iciul us to ex])ect. 

When the proce.ss of the prccij)itation of one metiil by aunther 
is carefully watched, it becomes clear that the process is not quite 
so simple as might at first sight apiipar. If, for instance, a jiiece of 
metallic zinc is suspended by a thread in a solution of leafi imetatc, 
the beautif^il lead tree ” is produced. Shining fern-like crystals 
of lead start growing out from the zinc at ^ISicifnt places, and 
continue to^row until the tips of the growth are perhaps an inch 
(ft- more from the original piece of zinc. 

* A. A. Noyes and K« Toabe, J. Amer. Chem. Son. 39 (1917), 1537. 

lloinders, Zrlf-srh. Phys. Clum. 54 {190(>), (>09. 

* N. flonman, Pee. Trav. dim. 39 (*920), r)37. 
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If the reactioniwero th^ silbple ij^terchaiij;e/)f ^zi/ie and lead atoms 
expressed by tht^ equhtion, • > i ’ V I *' 

, Pb" + Zn’== Zn- + Pb, 

* -/ I •* 

one would expect to find the metallic lead prodnci'-d just at those 
points at w/iich fhc zinc is being dissolved aw'ay. Yet' actually 
we fin(r*Hie lead’deposited an inch or more away from the surface 
of the zinc. It seems as though we have to deal with a eastiof, 
“chemical action at a distance.” Evidently the equation ju-^ 
given—although accurately representing th« final result f)f the 
interchange of metals- does not fully indicate the steps by which 
the reaction proceeds. If, howevei’, we reinend)er that the con¬ 
version of a metalhc atom into a metallic ion is an I'lectrical process, 
a simple explanation of the dilliculty suggests itself. 

The matter is best demonstrated by the following series of sinij)le 
experiments. 'If a plate of zinc and a plate of lead be joined l)y 
wires to the tu’o poh's of a galvanometer, and are then immersed, 
without touching one another, in a solution of lead acetate, the 
deflection of the galvanometer indicates the flow of a contin,«ous 
current, the zinc plate functioning as the negative pole. Tlu' 
reactions causing this current ai’e analogous to those occurring in 
the ordinary Daniell cell, and can be written thus 

At the zinc plate . . . Zn ; Zn" + ‘2e * 

At the lead plate . . . Pb" + 'le - Pb 

The production of fresh crystalline lead iqion the lead plate and tin' 
eating away of tlu' zinc soon becomes evident to the eye. 

If, instead of being joined together by means of external wires, 
the zinc and lead plates are allowed t(j touch below the surfaia^ 
of the liquid, the same reactions appear to continue, the zinc being 
(iorroded away, whilst fi'csh ca'ystalline lead grows out from the lead 
plate (as well as from the ziiu! j)late also). In this ease, although 
the curreid: is not detected on a galvamuneter, there is little doubt 
that a continual stream of electrons eoidinues to jia.ss from the zinc 
to tV’ liaid at the point of contact. We are still dealing with an , 
electric cell, but it is now a ahort-cireuit('d cell. 

Finally, supjaifee that the leaj plate is omitted altogetlnr, a frag¬ 
ment o! %inc being immersed alone in a solution of lead a(a;tate. 
Here, possibly, the first replac(mient of lead by Ano may consist 
in the simple interchange of lead and zinc atoms. But, 

as soon as a minute amount of lead has been produced%t any point 
upon the zinc, it commences to act as the, positive plate of thft 
short-circuited cell. 


Lead Acetate 
solution 
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and tht fiuther denosiOon of Ipad ocfturs, not directly upon the 
‘surface d th# zincvbiit upon tllo lead nucleus'which already exists 
in‘contact with the zinc. 'The tendency of electro,-deposited lead 
to form dbfidrftic growths has alrea^dy been referred to in Chapter 
XI, ard'^it is •not''surpri.sing to find the lead growing cut from the 
zinc in the fern-like crystals wliieli constitute the lead tre«wr- And, 
although it is difficult to demoiustrato the fact, it is fairly certain 
,Jthat, along each growing frond of the lead tree, a utreain of electrons 
JS’'flowrng, from'the direction of the zinc fragment towards the tips 
of the fronds where growth is proceeding. 

If a fragment of metallic zinc is immersed in the solution of a 
salt of silver, gold or platinum, the precious metal is brought down 
as a dark sponge which grows out for an appreciable distance from 
the .surface of the zinc. Here again, the formation of short-circuited 
electric cells must be assumed to account for the .phenomenon. 
In som(! other ca.ses, liowever, the electrical character of the reaction 
is less obvious. For instance, if a clean bright surface of steel is 
wetted with a solution of copper sulphate, a thin (le])o.sit of metallic 
cojiper is produced all over the surface, and clinging closely to it. 
One might, perhaps, account for the production of the deposit 
on the assumption that the iron and copper atoms along the whole 
surface change places in a direct manner. But it is generally con- 
si'*'ered that here also the action is electrical in character. Com¬ 
mercial iron and steel is an alloy containing, besides grains of pure 
iron, other comparatively “ noble ” constituents, such as iron 
carbide ; a particle of this kind is able to act as the unattackable 
pole of the short-circuited cell, 

Iron I Copper sulphate | Nobk^ constituent 

As soon as the steel is immersed in the copper sulphate solution, 
the deposition of metallic copper upon the “ noble ” portions of 
the surface commences, and the growth of copper extends in all 
directions over the surface of the iron, until finally the growths from 
different centres meet one another ; when this occurs—the mettillic 
iron being then practically covered over with the copper layer—the 
reaction slows down and finally ceases. 

This method of covering one metal with a thin coating of another 
is known as thtt method of simple Immersion. It is note¬ 
worthy that only those metals like copjjcr, w'AEih-readily appear 
as a compat*’i layer when deposited on a cathode by means of an 
externally furnished current, yield anything approaching a satis¬ 
factory coating by the method of simple immersion. This affords 
important support for the view that the deposit of copper formed 
by simpliyimmersion is, like the lead treti, of an electrical origin, the 
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current being, in both cases, internally goner^ted.^ further evidence 
for the same view is provided by the discoyel’y, duo tjb Lepibert,! ’ 
that perfectly pure, uniform irdn will n,ot liberate copper from^a ’ 
copper sulphate solution, althodgh the slightest lacA'of liJuformity 
in Hie metal’s suffioiont to allow it to dejiosit copper. Evi^n if the 
iron is ajipply subjected to pressure in an »gate mortar, prcviou.s > 
to immersion in the copper solution, tlu^ potential is altered at tb*' 
stressed portions, and the .short-circuited cell 

Stressed Iron j Solution | Unstrcfsed iron 
is set up. The current produced involves the deposition of copper 
on the cathodic areas of the cell. 

A little consideration will show that the layer of metal produced 
by simple immersion will not bo so compact or so adherent a.s that 
produced by tlu^ ordinary electroplating process with an externally 
jirovided carreTit. For, in tlie coiipcr-plating of steel by simple 
immer.sion, the dejiosition of copj/hr begins to slow down as soon 
as the growths extending from dilTcrent points commence to ap¬ 
proach *nc another, owing to the f.ict that the metal below', whfCh 
is needed to maintain the current, has been largely coverid up by 
the copper ; the growths from the dillerent jioints are therefore 
unlikely to bo pressed together into good meclianical union. 'I’he 
deposit is, consequently, liable to lie incoherent, and proliabl’i 
discoi’tinuoiis. Moreover, it will, of necc.ssity, l>c thin. ‘‘Agaii* 
during llu^ process of deposition by immersion, the liase metal is 
b('ing tlis.solved away at tlie very moment, at whicli tlic layer of 
noble metal is spreading over it; under sncli circumstances, the 
deposit cannot be expected to adhere well. Finally, where the 
current is internally generated, there is no means of controlling 
the current density, so as to olitain the best conditions for deposi¬ 
tion, ns is po.ssitil(' in ordinary electroplating. 

For this reason, tlie method of simpli' immersion has seldom 
lieen employed commei-cially for the production of a protective 
layer, or “ plating ” upon metallic articles. On the other hand, 
the precipitation in a spongy form of a com|iaratively noble metal by 
another more reactive- - and cheaiier—metal is considerably used 
in the “ jv^t ” processes of metsftlurgy. Solutions containing salts 
of goldrfir silver are often treated with zinc, or wit^i aluminium— 
in the form of d ust or shavings- the precious metal bei#g reduced 
to the metallic stat * 'Similarly solutions containing a sa^^t of copper 
are frequently treated with scrap iron, the copper being usually, 
deposited as a brown spongy mass (“ cement ifopper ^’). 

It is noteworthy that when zinc shavings are used tojireoipitate 

• B. Lambert, Trana, Chem. Hoc. 101 (1912^, 2050; 107 2lV • 

M.C.—VOL. I, » D 
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traces’of gold froiji a jlilute s 9 lutioiift the precipitation is greatly 
facilitated i^ the ^ini i^ first immersed in a tfomparatively concen¬ 
trated solution (if a lead ^alt. Metallic* lead is deposited upon the 
zinc, anfl'afAffwards forms the fiathodio clement of the short- 
citcu'tsfvl 'ceH '' 

'"’I Dilute solution of ' » 

I gold compound i 

't>, Summaryj, In general, any metal, when immv_rsod in the nor¬ 
mally ionized salt solution of a second metal which stands well 
above it in the Potential Series, will cause the deposition of the 
second metal in the elementary state. The character of the deposit 
obtained by such a process points to the replacement having been 
electro-chemical in character, due to the ju-odiudion of short-cir¬ 
cuited cells or “ couples.” 

'I’lic method of obtaining a metallic coat by “ simple Immersion ” 
constitutes an alternative to ordinary electroplating, but, since' 
the deposit usually lacks cohesion and is very thin, the method 
is ‘only used in a very few cases. On the other hand, the precipi¬ 
tation of a valuable noble metal (such as gold, silver or copper) 
by a more rpactiv(' one (zinc, aluminium, iron) is largely used in 
metallurgy. 
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THE COKJIOXJON OF METALS— 

Corrosion by AcidsA In the last ohapter tlio precipitation 
of one nictal t)y anotltcr more reactive metal was considered in a 
general manner. One <'spceially important case lias now to be 
studied in ^let»il- that in which the " met-al ” disjilaeed from the 
ionic condition is hydrogen. , 

Generally speaking, all the metals which occui- below liydi'ogen 
in the ^Potential Series arc capabhi of causing an evolution* of 
liydrogcn gas when introduced under suitable conditions into tlie 
dilute solution of a strong ” (i.e. a largely ionized) acid. The 
velocity of the reaction often varies to a very marked e.xtent with 
the purity of the metal. Pure zinc, for instance, is almost un¬ 
attacked by pure dilute sulphuric acid, but, if the zinc betouchfii 
with a copper rod below the surface of the acid, dissolution of the 
zinc at once commences with copious evolution of hydrogen gas. 
It is noteworthy that the hydrogen bubbles are actarally evolved 
from the copper rod, not from the zinc itself, although it is the 
zinc—and not the copjier which is passing into .solution, 'This 
fact at once suggests that a short-eireuited cell of the ty|ie, 

I Sulphuric Acid | '**'1**' 

* 

has been produced, and that the production of .such a cell is the 
cause of the rapid attack. 

Instead of touching the zinc with a copper rod, the violei't 
reaction of pure zlno with the arid can be brought about in another 
way, nanfbly by adding a trace of copper sulphate to the acid. At 
once metallic copper is deposited on the surface of fhe zjne ; short- 
circuited cells (o^ donples ”) of the type just described are formed 
all over the surface, and the rate of attack by the acid b'ecomes ver^ 
violent. 

* Many apparent inconsistencies in the behaviour of metals towards acids 
are explained by W. D. Richardson, Trans. Amer. EIcctrochm. Ac. 38 (Ui20), 
24,0. • ’ • . 


,^3 
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If tlie zinc is the “ ^ouple#” .may be formed upon the 

surface (eveii[ witl^ouf afiy addition‘of coppdl' sulphate or similar 
silt to tlie solution. If the zinc dontains a mere ,trace of a com- 
paffativelyliolfie metal, such as cop;fer, nickel, gold or platinum, the 
rate ef'fitea<fk by acid is notably increased. The attack of acid 
upon slightly impure zhic i.s often not very rapid when tlMwmetal is 
fiijst immensed in the acid, because the small amount of impurity 
may e.xist in solid solution in the zinc and will no^t therefore oon- 
Hiitutt the cathodic (element of a corrosion couple at the moment 
of immersion. The slow action, however, brings a certain amount 
of the noble metal into solution, and it is then reprecipitated, as a 
.separate phase, upon the .surface of the metallic zinc. As soon a.s 
this occurs, the couple 

Zinc I Acid | Noble metal 

' f) 

a])pears, and the attack by the,acid becomes very much quicker. 
I'ho period of comparatively slow attack which is noticed when 
fir^t the zinc is immersed in the acid is commonly referred to as the 

“ period of induction.”^ 

It is noteworthy that the prc.sonoe of lead, cadmium and arsenic 
in zinc adds very little—if at all—to the rate of attack by acids ; 
this is probably connected with the high value of the over-potential 
ef hydrogen evolution upon these metals, which is, at low tem¬ 
peratures, almost equal to the E.M.P. generated by the couple. 

The presence of impurities has a similar effect in the case of other 
metals. Cast iron—which contains ery.stals of iron carbide or 
flakes of graphite embedded in it—is attacked mon? readily by 
dilute acids than the purer forms of iron. 

When we come to metals like tin or lead, w’hich occur clo.se to 
hydrogen in the Potential Series, wo find much less readiness to 
dissolve in dilute acids. Tin, for instance, is very little attacked 
liy hydrochloric acid at ordinary temperatun^, but the action is 
aided by contact with a metal like copper, or by warming the 
liquid. It is probable that the slow reaction of tin with hydro¬ 
chloric acid at low temperatures is connected with the high “ over¬ 
potential ” of the metal. The value of the overpdtential diminishes 
as the temperature rises. ' 

The met/ils—isuch as copper or silver—which stand above hydro¬ 
gen in the Potential Series cannot in any ca^s^yic^id hydrogen m a 
gas by intelaetion with dilute acids. It is, however, a mistake to 

* The e£fe ts of impurities upon the action of acids on zinc are studied by 
M. CentnersB rer and J. Sachs, Zeitsch. Phya. Ohem. 87 (1914), 692 ; 89 (1914), 
213 i M. C/ntnerszwer, Zeitach. Phya. Chem. 92 (1918), 663. But those 
ilfvestigalors take a view rather different Vrom that suggested above. 
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suppose that th6y cannot cftsplao. hydrogei'j irt ’ail. > it a copper 
and platinum rod be brought u\to contact »n a dflute .acid^ifso as^o 
produce the short-circuited ce)J * 

Copper I Dilute Acid | Platinunf, 

the coppiir commences, momentarily, to etfter into srtlution, and a 
small amount of hydrogen is produced at the platinwu surface., 
Bui long before tfie concentration of hydrogen ojf the clatinni;- '' 
reaches the saturation value, the P.D. at ftc platinum surface 
becomes equal to that at the copper surface, and the current there¬ 
fore ceases. If, however, an oxidizing agent, such as hydrogen 
peroxide or sodium hypochlorite is added to the acid, which will 
continuously remove this hydrogen as fast as it is formed, the entry 
of the copper into the solution proceeds continuously. ^ As a matter 
of fact, it i» fofind that both copper and silver are dissolved readily 
by dilute sulphuric acid <!ontai*ing peroxide.^ Here, there is, 
of course, no evolution of hydrogen in bubbles ; the hydrogen is 
oxidize*! to water as fast, as it is produced. With ordinary cojt|>er 
or silver, contact with ])latinum is not neoe.ssary, the surface of the 
metal being usually sufliciently variable in composition to allow' 
the formation of the necessary couples. 

Iti some cases, the acid itself may act as the oxidizing agent. 
Hot "oncentrated sulphuric acid is, for instance, a powerful o^idiziii^ 
agent; and is capable of attacking co]>per, mercury or silver; 
sulphur dioxide is evolved, and a sulphate of the metal in question 
may bo recovered from the solution by evaporation. The reaction 
should probably be regarded as electrochemical, the sulphur dioxide 
being produced by the interaction of the hydrogen and the sul¬ 
phuric acid. 

H.,S04 + 2H ' 2IL() + SO,. 

Anolher"powerful oxidizer is nitrit; acid, which displays oxidizing 
properties even when quite <lilute and at ordinary temperatures. 
Nitric acid attacks jtractieally all metals except iridium, gold and 
])latinum, which stand at the noble ” end of the Potential Serior. 

In only excejitional ca.ses is hydrogen evolved in ga.seous form ; 
more q^ten the hydrogen produced rcacds with a further ({iiantity 
of nitric acid to give one of the other substano^ shown in tho 
following list^ 

‘ The existence of a current accompanying tho attack of copper in contact 
with platinum by acid—or oven by ordinary tnpwater—contai|ing a trace of 
hypochlorite (!an easily bo domonstratetl. See E. K. Bidenl amf U. R. Evans, 
Analyst, 38 (1913), 353. • I 

“ O. P. Walts and N, D, Vyhipplo, Trans. Amer. Ekclro\tm. Si^. 32 
(1917), 257. * » • • 
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NitVio peroxid^' « 
Nitrpus a|id 
Nitric' oxiae '<( . 
Nitro^p^oxi^e 
Nitrogen . 
^Hj'dSosJyltttriino . 
Ammon ill ^. 
Hydrogen . 


NOj 

HNOj 

NO 

N,0 

N, 

NH,OH 

NHr 

H, 


i j^lost of these siibstanees are gaseous and are evolved in bubbles; 
bht afnmonia and Irydroxylaraine remain in solution as soluble 
nitrates. 

The substances standing near the bottom of the list, which 
are rich in hydrogen, are formed when a reactive metal (which 
would produce the primary hydrogen under considerable pressure) 
is introduced into the acid. Thus magnesium and zinc produce a 
good deal of ammonia, and the lirst-rnentioned m6taDwhen dis¬ 
solving in dilute nitric acid, a«tualiy causes the evolution of a 
certain amount of unchanged hydrogen. On the other hand, th(! 
tnors noble metals, like cojipcr and silvi'r, give rise to tlir more 
highly o.xidized sub-stances standing near the top of the list. Jhit 
the character of the substances produced depends largely oji the 
concentration of the nitric acid ; dilute .solutions favour the ])ro- 
duction of a substance comparatively low on the list, whilst con- 
c-entratc^l acid naturally gives rise to a more highly oxidized body. 
Iron, for instance, yields mainly nitric oxide with dilute acid ; but 
with concentrated acid, there is also nitrogen peroxide in the gases 
evolved. 

Certain metals--such as iron and nickel -quickly become passive 
when acted on by concentrated nitric acid. It is quite to be ex¬ 
pected that passivity will be brought about luore, quickly if a 
“ noble ” substance (e.g. a platinum wire) is brought in contact 
with the iron ; this has been shown to be the case. Nor is it sur¬ 


prising to find that cast iron, which contains noble co'iistitucnts, 
becomes passive in nitric acid more readily than pure iron ; con¬ 
sequently just that form of iron which is most readily attackfcd by 
dilute sulphuric acid is comparatively little attacked by nitric 
acid.' These facts, although noteconclusive, ap|)ear to .confirm 
the view that the action of nitric acid upon metals is, like fliat of 
non-oxidizivg a!5ids, electrochemical in char aett^ depending on 
the formation of a “ couple,” or short-circuitB3™oIcctric cell. 

The action‘’of nitric acid docs, however, seem to be more complex 
tVan that of most other corrosive agents. The corrosion of copper 
by nitric acfl, for instance, ajrpears to be catalytically accelerated 

' Contrast Vointocl out by W. D. Hicliardson, Trans. Amer. Inst. Chem. Eng. 
13^19‘20)Ai./265. . ♦ 
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by the nitrous tteid whioh h produced iii^ tko.nfaetion. When a 
fragment of copper is plactji in*nitr'fc acid, Jhc^action is sloyjat first, 
and then becomes much quicker as nitivii^ acid atcumulafes in t1u!i 
f)(M 4 jtion, Nitric acid which is entirely free from sttroii.^ acid has 
practically rfo action on copper, and if a little Area* -sf j^filvitoce 
which*"destroys nitrous acid—is added to«the liquic[, copper can 
remain in nitric acid for some considerable time without btyng 
dissolved. ^ • * * * 

The meWs, platinum and gold, which arc nobA' to be attacl^ 
by nitric acid, are nevertheless brought into solutioTi as chlorides 
by the action of “ aqua regia,” a mixture of concentrated nitric 
and hydrochloric acids. 

Arranging the commoner metals in the order of their normal 
<‘lectrode potentials, wo can summarize the action of acids upon 
them as frilovVs :— 


(»(>hi |Attar.k<>(l liy arjiia ro^'ia only. 


|Affa(^ko(l by oxidi/uig arids 


Plaf ilium I 
Silver 

J coneontrated Knl|ihurin). 

(J’ositiori of Hydrogen horo.) 

j Attacked by warm concentrated Iiydroehlorio acid. 


(^Attacked by dilute sulphuric ncid or hydrochloric 
[ acid. 


i con 

Ciidmiutii 
Zinc 

.Aluminium 1 
MagiiesiunK 
Calcium \ 

Sodium [Attacked even by water. 
Potassium 1 


Corrosion of Metals by Neutral Salts. Since liydrogcii 
ions exisit, to a small extent, even in a ncntral soltition, it miglit 
(Viaily 1)0 expected tiiat the more reactive metals would displace 
hydrogen when brought into the solution of a neutral salt or even, 
into pure water. In some case.s, this is found to be the case ; it is 
well known, for example, thrt tlic metals .sodium and potas.sium 
are Tjjolcntly attacked by water, hydrogen gas being evolved in 
profusion. But, in any instanoe, tlio displacciBent ^of hydrogen 
from an originally* iv-utral solution must leave the liquid alkaline, 
and, if the hydroxide of the metal attacked happens Db bo sparingly 
soluble in the liquid employed, a layer of tbs hydroxide will tend to 
collect on the surface of the metal and will often pVotect it from 

^ V. H. Veley, Proc. Roy. Soc. 46 (1889), 216; J. Soc.yUkem. hid. 10 
(1891), 204. • I ^ - 
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further corrosiop.* .The fxaot nature of the factors'which determine 
■ whether,a fi|fn qf/ixfdo.or iiyd'roxidh w^l “ protect ” the metal or 
not, have nevci* properly been investigated. It. is noteworthy 
that the'pres^fioe of chlorides—although it does not, in gencjr^.l, 
prdvcntVthe 'formatjon of an insoluble hydroxide—‘often causes 
the hydroxide to a])p(f.r in a non-compact, comparati^lf^ volu- 
mpious foj'm which docs not protect the underlying metal from 
'further attack. The behaviour of chlorides 'in .preventing the 
j)i ssiirtition of mctalsdiy anodic action is, of course, merely another 
manifestation of the same phenomenon. It is probable that the 
action of chlorides may be explained by a consideration of the 
interfacial tension of the materials involved, and should be regarded 
as due to the “ loo.scning ” or “ partial peptization ” of the oxide- 
film.' 

In general, we can only ex|)ect a rapid and conlimy.ius attack 
of a metal liy a salt solution in cases where the hydroxide is freely 
soluble in the liquid in question. In the case of sodium, potassium, 
calijium and barium, the hydroxides arc freely soluble, imd the 
metals will continue to evolve hydrogen with violence from an 
aqueous solution for an indefinite period. The hydroxide of mag¬ 
nesium is soluble in ammonium chloride, and thus metallic mag¬ 
nesium will evolve hydrogen readily from ammonium chloride 
siltitioiif' Oi\ the other hand, the hydroxide, of aluminium is in¬ 
soluble in ammonium chloride, and, con.se((uently, ammonium 
chloride has a slower action ui)on metallic aluminium and the rate 
of attack .slows clown as the hydroxide accumulates. The majority 
of the metals above aluminium in the Potential Series have sparingly 
soluble hydroxides, and are only slowly attacked by neutral solu¬ 
tions. 

Corrosion of Metals by Alkalis. The .same general considera¬ 
tions ap 2 >ly to the question of the corrosion of metals by alkalis. 

The metals, aluminium and zinc, whose oxides are amphoteric, are 
readily attacked by a solution of sodium hydroxide, soluble^ alu- 
minates or zincates being formed. Hydrogen is evolved in pro¬ 
fusion, in spite of the low concentration of hydrogen ions in alkaline 
solutions. Magnesium, which formS no soluble compounds analo¬ 
gous to the aluminates, is comparatively unattacked by qlfcaline 
solutions. Iron becomes passive in dilute alk alina , solutions, but 
is slowly attijcked by hot concentrated caustfb soda; part of the 
hydrogen produced penetrates into the iron, causing inter-granular 
brittleness. '■ 

Corrosio^' by Cyaqides. It has been explained in Chapter 
‘■*/p. B. Evans, Trans. Faraday'iSoc. 18 (1922), 3. 
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IX that the P.C. between* a giv.-n nietej a Holgtion in which 
that metal does not norrnally, occur as a cati<n^ very* diffejent 
from the P.l).*ahown by the s!^mc metaj in a sobftioti o{ its sulphate. 
■«a^ chloride. Towards cyanitlo solutions in parucular, the ^P.D. 
of several ifictals—like copper, silv^'r and go!il~is much loVter (less 
“ noble'i’) thantowards ordinary salt solufions. 'It i» not surprising 
that these metals--w'hich are unattacked by ordinary acids^*-ai;c 
rdadily dissoWcd’by a potassium cyanide solutiotj in the jircseiic;; 
of air, oxygen being needed—at least in the Ci!sc of gold—to com dino 
with the hydrogen produced in the reaction. 


Corrosion by “ Water.” Far more important to the ordinary 
man than the rapid corrosion of metals by acids or alkalis is the 
slow change caused by the action of ordinary water upon the common 
industrial metals and alloys, such as iron, lead, brass and bronze. 
The cornlsion of these materials will call for further study in the 
later volumes of this boolc, wlidi the metal or alloy in question is 
being described, but a few general observations must be made 
at thfs point. I'lie water used for industrial and domestic’pur- 
poses, generally derived from rivers or from wells, is very different 
from the pure distilled water of the laboratory. It eontains many 
substances in solution, mo.stly derived from the rocks through 
which the water has passed. .Most of these are eomparatiji’cly inert 
substances such as calcium bicarbonate, calcium sidphatc, mag¬ 
nesium sulphate, sodium chloride and silica. Sometimes the w'ater 
contains carbon dioxide, anti has an acid reaction ; sometimes, it 
eontains sodium carbonate and is weakly alkaline. But, far the 
most important substance jmesent in the water—from the point 
of view of corrosion- is dissolved oxygen. The amount of oxygen 
in a water supjdy depends very much on the method of storage and 
conveyance, and also on the orga)UC contamination of the supply, 
being naturally least in polluted waters. But it is practically 
never wholly absent, and can, generally speaking, bo looked upon 
as'the essential factor in determining corrosion. ^ 

1 * 1)0 common metals, iron and lead, although capable of liberating 
hydrogen in gaseous form from distinctly acid liquids, rarelyi if 
ever, c§u.se an evolution of hydrogen in gaseous form from the 
ordinary industrial water, in which the hydrioij concentration is 
neccs,sarily loij^flencrally speaking, therefore, they'are but little 
attacked by watersVhioh have been freed from dis^rlved oxygen. 
On the other hand, where oxygen exists in the water, it acts as an 
oxidizing depolarizer, removing the hydrogen as soon ^ it is formed, 
and causing the corrosion to proceed apaje. It haul been proved 
that the action of dissolved oxygen upon the hydro-Teij produced 
at the cathode of an* electrolytic cell jjhoduces not onV water but 
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also hydrogen* porox*id|V'i It is^not surprising, therefore, to find 
tha^. hydfegcnt perdiado if sometimejj'fouvd upon the surface of a 
metal duripg th^e process of'corrosioijA The preseno'3 of hydrogen 
2 )oroj:ido ^has, inclcjcd, been looked upon by some ehemists as 
essential eondition for corrosioij ; but such a view is hlmost cer¬ 
tainly wrong the prosAiee of hydrogen jjeroxidtf is of 

Qorrbsion—not the cause. 

^here are mapy indications that the uiechanism ®f corrosion \s 
really electrochemical.'’ It has been shown that- whilst ordinary 
commercial iron rusts quickly if exposed to the combined influence 
of water and oxygen—iron that is absolutely pure and uniform is 
unattackcd under the same conditions.^ The preparation of the 
pure uniform iron is, however, a most laborious process. The 
presence of any “ noble ” substance which is a conductor of elec- 
triiaty always ctauses corrosion at tlie ])oint of contact. /The acci¬ 
dental inclusion in the iron of the merest trace of platinum, caus('d 
by the use of platinum dishes in the preparation of the material, is 
sufficient to cause (he iron to rust. 

For ordinary purj5oscs, it is usele.ss to aim at the jiroduction of 
a material .so ])ure and uniform as to be free from corrosion. In 
almost any commercial metal, there is sufficient impurity to se.t 
ujna corrosion couple, and the rate of corrosion is determined by the 
supply of oxygen in the water rather than by tlie purity of the 
sample ; it is not always true that a highly im])ure sample of com¬ 
mercial metal will be corroded more quickly than a moderately 
l)ure sample of the same metal. But whilst the jiurity of the metal 
—as revealed by analysis—is jjraotically no guide to its behaviour 
towards corrosive agencies, the condition of the surface is im¬ 
portant. Metal articles which have been worked sujierlicially or 
highly j)olished are usually covercfl with a smooth skin of prac¬ 
tically amorphous matter of very uniform com])osition, and this 
uniform skin undoubtedly plays a great [)art in preventing the 
inception of corrosion.'' 

Numerous e.\am]')los have Is-en recorded by engineers of’the 
acceleration of corrosion by contact with :i noble substance. In 
one case, an iron pipe ))uried in the gfound 2 ia.s.sed at a certaip place 
through a cinder filling ; where the (under came in contact wi^fi the, 
iron, very miwkcct corrosion was found to have occurred, the'couple 
Iron I Ground-water | Cind(ft’ 


r F. Richarz/ind (t. Lomies, ZeilMh. Chem. 20 (1896), 145. 

® M. Kernb(ffim, Compton Rand. 152 (1911), 1668. 

® B. Lambeg, and J. C'.* Thomson, Trans. Ghem. Son. 97 (1910), 2426 ; 
B. I^itiberb ians. Chem. Soc. 101 (1912), 2060; 107 (1916), 218. 

' H. W. r^wnsdon, J. JSotf. Chem. Ind. SO (1920), 432li. 
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being set upA Again, where tho^steol b^ill’^oJ a ship is in contact 
with a bronze casting, (spedial corrosioa of Vhj sjeel ,practically 
always occurs^ unless some p^ecanth/ii'is taken V) preycnt itA * 
■»,^or is the presence of a second distinct materikl needed to'pro- 
duce the t^pi! of couple vvliich leads to esp.jcially rap’ddedTrosion. 
If aMiefeil is strained mechanieally, the I). at‘tin. surface of the 
strained portion possibly owing to th(! presence of, amorphous 
lAetal—is slightly'different from that at the sinface of the unstrainod 
portion. Consequently, a couple of tlu^ ty*|)e ’ A 

Strained j ^ I Unstrained 
Metal ! ■ Metal 

is formed, and (s.irro.sion ,sets in, A.s a rcsulti, corrosion is often 
found in pieces of metal which luave been subjected to ,strain, and 
which have pot been j)ro])ei'ly annealed afterwards. It has been 
found, for instance, in plates in which rivet holes luive been punched, 
that corrosion often occurs around the holes, owing to the .strain 
.set uj).“ Aluminium is partieularlv liable to a most destructive 
type of corrosion caused by local straining, and all aluminium 
articles should be carefully annealed befort' being jmt into use.' 

Although the presenca^ of acidity in the water is not, in geiK-ra.l 
a necesisary condition of cori'osiou, yel. if tin- electrochemical view 
of rsjrro.sion sketched almve be accc|)t('d, it is chair that t'jc conejiu- 
tration of hydrion in a watei- is a vi-ry im]iortaut factor in deter¬ 
mining the rate at whie.h metals will be attacked by it. Waters 
containing carbon dio-vide cause iron to rust considerably more 
quickly than those free from acidic substances. Indeed, at one time, 
the presence of carhon dioxide was thought to be essimtial if the 
corrosion of iron was to occur : this view is now known to bo 
wrong, but the presence of carbon dioxide is often a very im¬ 
portant contributing cause of corrosion.'' Magnesium chloride, a 
salt whijh often occurs in the waters of de.sert regions, confers, 
owing to hydrolysis, a distinct acid reaction iqion the wate-r Un- 
less^ this acidity is neutralized, waters containing magne.siuni 
chloride have a marked corrosive action upon iron pipes. 

Many other constituents ordinaiy ' tap-water ” have a eon- 
siderabie influence upon the I'ate of coi'rosimi. In general, small 
amoflnt'S of di.ssolvcd salts, by increasing the c*nductivity of the 

' \V, ]t. Sohuffe, 3^roi-s'. .b/irr. Kkrlrorlirm, Sov. 22 (li)12), 2U1). 

- F. ],yon, ICtufaufr, 115 (lib3), 451. • 

" C. F. Burgess, Trans. Anitr. Ekrtrochem. Sue. 13 (1908), 17 ; W. *14. 
n.rqlker and 0. Dill, Trans. Anirr. KUxtrnrhi’m. iS'dc. 11 (1907), 153. 

F, Hoyn and O. Bauer, Mitt. Krjl. Mat. Pruftmg.samty \9 (1911), 2. 

* V. A. Tildi'U, Trans. Chrm. Eoe. 93 (1908), 13p(i; W. H. Walker, ,7. Atmr. 
Chem. Soc. 29 (1907), 1251 ; K. HeynandO. Bauer, Mitt. Kgl\Hal. Pmjumjs- 
amt, 26 (1908), 1. ' 
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water, tend ti? favosrj'corrosion.® Not mfrequently, however, the 
preaence *.{ an p-xopwive quantity of sa^ts ii found to reduce the rate 
oV corrosion—possfoly because it rctjuces the solubihty of oxygon 
in the watcr.i *&! the case of iron and stool, the presence of 8 m;>P 
quantitfe^ hi ‘chloridfs is favourable to corrosion because tho 
'chlorides prevent'any |l)saibility of the iron betoming•passive. 
Generally speaking, seawater i.s much more corrosive than fresh 
“water, 

fv is 'Aell known tha^, hard ” waters arc generally less corrosive 
than “ soft ” ones. The former usually contain the soluble but 
rather unstable salt, calcium bicarbonate (Call 2 ( 003 ) 3 ); this is 
liable to decompose at the surface of the metal and a solid scale 
of insoluble calcium carbonate is produced over the surface, which 
i.s thus shielded from further corrosion. Not infrequently, the 
'• corro.sion-produet ” itself protects the surface of the’me^al. Th(‘ 
carbonate and sulphat(^ of lead a»f^ both .sparingly soluble ; and 
when ordinary hard water, containing plenty of carbonates and 
sulpt»ites, pa.sse.s through a lead ])ipo, the imdal soon be»omes 
covered with an in.soluhic coating which prevents further action. 
On the other hand, if tho water be a " soft ” one, ajid especially 
if it contains nitrites or organic acids, it will dis.solve an appre¬ 
ciable quantity of lead : and, if the w'ater bo aftcrw<ard.s used for 
diinking ^)urposes, lead poisoning may result. 

Many metals such as aluminium and zinc appear to bo invariably 
covered with a very thin traus})arcnt film of closely adherent oxide., 
which renders these metals much more resi.stant towards ordinary 
corrosioii than might be expected from their j)osition iti the Potential 
Series, 

Protection of Metals against Corrosion. In most cases, 
where a piece of metal has to be exposed to tlu^ combined influences 
of water and oxygen, it is advisable to take some steps to prevent 
corrosion. Occasionally - for instance^ where water is required 
for a boiler—it may be possible to treat the water so as to retyh'r 
it le.ss objectionable. It maybe tnaitedwith an alkaline substance 
such as sodium carbonate or lime-water, so as to rctnovo all traces 
of acidity. Or it may be freed frefm dissolved oxygen by pre¬ 
liminary heat ing, qr by treatment with valueless scrap iron. Y^^ere, 
the boiler is cyinstructcd of iron, a chromate is somgtjmes added to 
the feed-water, in order to bring the iron to thfc passive condition. 

Except in the ca.se of water for a boiler, however, it is generally 

' See J. N. FJenil and P. C. flamet, ,7. Iron Nierl Inst. 9t (191.5), 336, and 
also J. N. FrioJt, Trans. CJie.m. Soc. 119 (1921), 932, espeeially page 937. 
Friend thinlffl jjKat the diminishetl solubility of oxygen caimot be the only 
factof in cmisfig the diminished rate of eoiTosion. 
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necessary to treat the metal instead of trfatii^ the water. The. 
most obvious plan is to cov(ir tin* whole ’sutface bf Ihe metal with 
a layer of some less corrotJible material, w fiich ma^ eulisist’ of another 
^etal, or a coating of painttir varnish. ,» •» , • 

’'Consider, first the method of protection by* a skin a* less 
corrodible m^tal. Quite a number of, irfetals are used, under; 
different circum.staitee.s, to protect ir-on or steel objects front cor¬ 
rosion ; zino,^ niokel, tin, lead, cobalt and copjiir haVo all foinaf 
application for the purpose. So long as the coating of pt;otcc^ve 
metal completely covers the whole .surface of the iron, each of these 
metals is (prite effective. I5ut if, owing to the existence of “ pitt- 
holcs ” itv the covering, or through the wearing away of the jrro- 
teoting metal, the iron or .steel becomes exposed at arty point, the 
ease requires further consideration. Suppose, for irrstarree. a 
covering of ^n rtiiotr a. steel plate, is rrot eorrtinrrorrs, but contains 
rrurnerous piit-holes, atrd that the surfaer! becortres wetted with 
water corttainirrg oxygett, corrosion rarrrples of the type, 

, Iron I W.ater | 'I'itr , 

are set up. Here irotr forms the attackable jrolc of the cell, since 
tin stands ahovr; iron in the Potential Series. 'I’hus the corrosiorr 
of the irorr, at the exposed jroints, is probably rtrore rajrid than if 
the tin eovr'riirg wer'e abserrt altogetlrer. The sanre, applies^ to 
cov'rings of co])])cr, nickel, lead and gold, which also ha^'c norihal 
electrode potc'rrtials ttt(.)rc jrositive tlrarr irorr. The covering is 
perfectly satisfactory if it is contimrous ; brrt, if the irorr is exposrrd 
at poirrts, the coverittg is, iir the neighboitr'hood of the.se points, 
useless- or evert worse tharr ttseless.' Sottre years ago, gold-plated 
steel rribs were prrt ort the market in Anierica ; but it was fortnd 
thirt the gold was sootr rubbed away at tin' tip, arrd the rrib then 
becattre corroded ittttch quicker tharr an ordittary urrplated nib.- 
When a covering of zirtc is employed, the state of affairs is different. 
A shect’of galvarrizf'd (i.e. zine-covered) iron may have the iron 
C)»po.sed at various points, and yet cottr])aratively little corrosion 
of the irorr oectrrs. It is true that the corrosion couples • 

. Zinc I W^ater I Irorr 

are self up ; but, since zinc stands below iron in the Potential 
Seri?», the .rttackablc pole of the cell is the lirtc, rrot the iron. 
The P.D. at«(lhe iron surface is changed in a negative sense by 
contact with the zinc, and the tendency of the ir#n to enter the 
ionic state is consequently diminished. Therefore the mere conftict 

i 

' 0. P. WuMs and P. L. Deventer, Trans. Amer. Mectrocheaf. Soc. 11 (1907), 
153. • 4 

" \V. S. Landis, Trans, dgirr. EhctroflunL 19 (1911)^511. * • 
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with zinc tends to prevent to s(^me oi!ijen,t the corrosion of iron, 
oven if t^e iron is expcisoli in places.'i * 

. I'his brings I'lS nc rurally tp anothet method which ^as been used 
' considerably fok, the prevention of* corrosion of iron and steely. 
Zinc'pi^cts arc* boKcd to different parts of the iron article, butlw 
.attempt is made to covcf up the surface <a.s a whqle. As^ainssult 
of the con'o.sion couple,s set up, it is the zinc which is eaten away, 
>,^thilst the iron article is protected. The zinc “ (irntpotors ” have, 
of v^our.se, to be lenewfd from time to time. 'ITie method appears 
to bn quite effective so long as the zinc .surface is kept clean and 
bright. But, if the surface becomes (lovcred with oxide, hydroxide, 
or .some similar iii.soluble compound, the (auTosion of the zinc is 


T^ynamo 


To Dynamo 



interfered with ; the current falls off and the protective action 
upon the iron ceases. On account of this fact., the employment 
of zinc protectors for iron has tended to pass out of favour.- 

There is, however, another method of preventing corrosion which 
is, in principle, similar to that discussed above, but which disponsas 
with the use of the zinc protectors.^ ^ It is employcU, to some con¬ 
siderable extent, in the prevention of corrosion of marine cOlitlenser 
tubes, and is saii to bo very effective. Blocks of cast-ir»n, A, 
carefully insulated from the brass tubes, are fixed iff'the reservoirs 

J According to L. Aitchiflon, Trans. Faraday Soc. 16 (1921), 473, the pro* 
toctive influence of zinc is jn practice only slight. At the exposed points the 
iron is attacked at approximately t he same rate as though the zinc were 
entirely absent.] 

* F. Lyon, fngineeff IIS (1913), 451. 

* *C^i^o^and, J. hist. M^et. 15 (1910),*192. 
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with which the condense tubes commuiiioavto (Fig. 89). The 
condenser tubes and the ironJ:)looT« are j(/lned io !fn electric battery, 
or to a dynamo, in such ^ way that the Aibcs a'rd tte cathodes and 
Jihe iron blocks are the anode*. Since the current Is provided |rom’ 
dtf exterio); source, it does not tend to fall off 'vitlv tli«f titHe,,as in 
the «i8e of the current generated by li^ieifliij pf zinc protectorsj 
The condenser tubes, being cathodically polarizcd,'‘are to a large 
eictent protected, from corrosion. ^ ’ • 

The fact that the corrosion of a metallic bcjdy is largely p^even^ed 
when it is made the cathode of an (deotrolytic cell eon.stiCutes 
additional evidence that corrosion is es.sontially an electrochemical 
phenomenon. But it has l)ecn shown that -under certain ( 1100111 - 
stances the corrosion of a cathode can proceed, to a .small extent, 
even when a eonsideralih! current Ls passing ; and this fact is r<(- 
garded b^’ sipne chemisls as showing that eorro.sion is not entirely 
electrochemical in origin, and may proceed by direct chemical 
attudv upon the metid by somcf substance dissolved in the water. ‘ 
When one passes to consider the protection of metal by paint 
or vSrnish, the same sort of considerations apply as in protection 
by a metallic film. The, ideal protective coat would he contimious 
(that is free from pin-holes), durable, impervious to oxygen and to 
moisture, and would have no electrical conductivity. Probably 
these conditions are impossible to realize. It is doubtful, ufor 
instance, whettier a coat of paint impervious to oxygen would ever 
" dry. ' At any rate, in practice, the phenomenon of “ iron rusting 
below till' iiaint ” is often met with, ',1’hc paint vehicle has usually 
an appreciable ele((trolytie conductivity, and enuples between the 
more reactive and the more nolile portions of tlie metidlie surface, 
Ilf the type. 


Heaetive 

Metal 


I’aint Vehicle 
eontaining oxygen 
and moisture 


Nohli' 
Particles in 
Mebd 


ase fi'oely set up, and corrosion occurs. It appears vefly likely 
thrft even in the absence of oxygen, an unsaturated constituen'# 
df the paint film (linoxyn) may absorb hydrogen and thus acts a: a 
depolarizer. • 

Clpafly a vehicle which contains little absorbed moisture, has a low- 
conductivity, and is as nearly as possible impervious 4o oxygen, will 
(other things'*l3eing*equal) give the best protection from corrosion.® 

Some authorities consider that the pigment particles themsclyes 

^ G. B. Bengough, R. M. Jones and R. Rirret, Inat. Met. 23 (1920), 128. 

‘ See W. C. Slade, J. hvl. Eng. Ghem. 4 (1912), 189 ; N. A Dubois, J. Ittd. 
Eng. Ghem. 5 (1913), 968. Also J. N. Frii'nd, Vam. Sckol.Wem. 1 (1913); 
R. A, (larduor, I'riinklin^fnNl. 179 (19K)), 313. 
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have a very marked effect upon the ratcfcof corrusidnA Carbon, for 
instance, is a 'couductw Cf electricity, and might be expected to 
aipti?as tliti' catfcodVj 'of the’ cell. 

, I Paint 1 „ , 

Metal Carbon 

' I 

"In actual fact, bliic i paf.it, in which the pigment 'Is lampblSfik or 
graphite, has been found to caus(^ corrosion at a very serious rate, 
'■and such a paint should be avoided for protective purposes. (Tu 
thiV'ther hand, when K'.ad chromate is used as a pigment upon iron, 
the rate of corrosion is extremely small, no doubt owing to the 
passivating influence of chromates upon iron. Basic or alkaline 
])igments likewise tend to reduce corrosion. 

Corrosion through stray Electric Currents. Tn the neigh¬ 
bourhood of large towns and districts served by electric tramways, 
another potent caus(^ of the corrosion of metal ari.ses m the “ stray 
currents ” uhich arc found pas.siilg through the ground. In tlu' 
ordinary electric tramway the current is, a.s i.s well known, delivered 
by all overhead conductor, but is left to return to the genet ating 
station by means of the rails. The majority of the current un¬ 
doubtedly does return by this route, but a considiu’able |)roportion 
usually penetrates into the ground, and travels along any buried 
water-pipes or gas-mains which happen to lead in the right direction, 
afterwaras leaving the pipes in question and rejoining the rails 
nearer to the station. The proportion of the current returning 
by this indirect path will depend, of course, on the relative resist¬ 
ances of the direct and indirect routes. If the ground is damp 
and the connections between the rails poor, the amount of “ stray 
(turrimts ” will often be considerabh-, Tlu' sti'cngth of the stray 
current passing along one (i-inch pi|)e in New York was found 
in the year 1!K)3 to be 70 amperes,- Now, if the stray current were 
to flow back to thi' station along an entirely metallic path, it could 
do no possible harm to the jiipes or rails which constitute the path. 
But where the current has to pass across a certain length of damp 
ground so as to get from one pipe or rail to another, an I'lectrolytic 
cell of the type 

First Pipe I Damp | Second Pipe 
i(orrail) | Ground | (or rail) 

^ A rather ei^trenio view of the importanoo of the pigment material is 
expresfled by E, Eiebrich and F, Spitzer, Zeitsrh. Klektrochcm. 18 (1912), 94, 
Iw (1913), 295, and is criticized by G, rileiderer, Zeilsch. Ekktrochem. 19 
(1913), 607, who considerfi that the conductivity of most pigments is too 
low and their contact too poor to allow them to act as the cathodic elements 
of corrosion-coyDles. > 

^ A,'A, ^n)4lson, Trann. Ainir. EkHrochetii, A'oe, 3 (1903), 195, 
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coRRpsioN metal: 

" 44 * * 

is set up, and tfie pipe or rail constituting, the •anode of the cell" 
usually suffers comosion. Where* the iflonJis set in cement the* 
slightly alkaline character of the cement *is favo|h'aftle to the ifoy 
becoming passive, and the coimsion is usually less syrioh*. Neyer- 
thefcss case* have occurred in which the stei'k gi»de«i f'wro- 
conorste Jniildings have suffered severi'lj^ af? ^li*! result*of stray 
current. 'The leiiil sheathing of buried telephone faibles is also 
found to becojfie tadly corroded owing to the same eafise.* • 

There are various methods of protecting bpried Bietal;' frym t^e 
effects of stray currents. In certain cases, the metal can be painfed. 
If pos,sible with chromate jiigmcnts or piginmits of a ba.sic char¬ 
acter. Various mi.xtures containing tarry substances and hydro¬ 
carbons arc also largidy used. It has been proiioscd in some cases 
electrically to connect all the buried metal pipes of the whole city 
to the rails (jf the tramway systems, so that the stray currents 
should, in any case, return by a wdiolly metallic path.- Without 
adopting this rather “ heroic ” pRlicy, there is little doubt that the 
disastrous effects of stray currents can be reduced in various ways 
by precautions exi'rciscd by the jiroju'ietors of the tramways. It 
may be remarked that where an alternating current is used for 
purposes of electric traction, instead of a continuous current, little 
corrosion is caused. 

Character of the Corrosion Product. When a .Mctal V 
atta<i;ed by an acid, a soluble salt is, in general, produced, and 
little or no .solid corrosion product is left on the metal. Where, 
however, a metal is corroded by a nearly neutral water, insoluble 
substances are usually found to collect upon the surface of the 
metal. Consider, bjr instance, thi^ electrocdu'mical corro.sion of 
commercial zinc in water containing sodium chloride. In the short- 
lircuited cell, 

^ I ^iodium Chloride j hJoble 
. I solution ! Im|)urities 

zin« chloride will be formed in solution at flic anode, and ?odium 
hydrbxide at the cathode. 'J'hesc will diffuse together, and interact, ' 
prbducing a slimy ])r('ci])itate of zinc hydi-o.xide, or possibly a baric 
chloridgj which will prol)ably Wing to the stirfacc of the zinc. 

In the case of iron, there is an additional complication. Ferrous 
hydroxide, the corrosion product first formed, is perceptibly soluble 
in water, but if'is scion oxidized by Ihc dissolved oxygen present 
to the far more insoluble ferric hydroxide, which the essontinl 

1 F. Habor and F. Goldschmidt, iJaV-vc/f. Eh'hir^'hem, 12 (190fi), 49; M. 
Girousse, (Jomptrs Jiaul. 157 (191'J), 705; F. lh*rgius and V. Krussa. Zeitsch^ 
Elektrochern. 15 (1909), 712. • 

* E. K. Rideal, Trans. Soc. Enij. 4 (1913), 243. 

M.O.—VOL. I. * 
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constituent qf ordinary brown fust. *The hydroxide is, however, 
■usually jnixed witl^ cal'bdhates, And if> the iron contains the elements 
ciKcon, pho.sphor»is or sulphur, indy contain in addition siUcates, 
phtsphatt^s' ornbasic sulphate.s. ' 

The character 'of the corrosion jmiduct has a mort important 
• influence on the sJ]|^sequ;!nt cotir.se of the corrosioip If tlje product 
clipgs closely to the metal, it may form a protective varnish over the 
surface, and prevent further attack. A very slight variation in the 
c^.’^JJitions may clearly make a great deal of difference to the pro¬ 
tective character of the material. Thus the presence of 1 jier cent, 
of tin in brass causes a considerable decrease in the rate at which 
the alloy is attacked by sea-water. The reason for this is simply 
that, when the alloy contains tin, a layer of basic, tin .salt is quickly 
formed which adheres to the surface firmly, and constitutes an 
impermeable varnish.^ , 

In this instance, the ])resen(^e of tin; corrosion product tends to 
)mt a stop to corrosion. There are, however, many cases in which 
the, existence of the corrosion product U))on the metal is acd-ually 
favourable to further attack. E\'ery one knows that when once 
iron has commenced to rust at a place, it is veiy difficult to stop the 
rusting at that point. There are various reasons for this, the first 
being very simple. If an iron object is exposed to a shower of rain, 
fbe rusty parts remain damp long after the r.ain has stopped, whilst 
the bright parts quickly dry; hence, further corrosion is likely to 
take place upon the parts where rust already <'xists. Moreover, if 
the rust finally becomes entirely dry, the hydroxide may become 
converted to the oxide (Kc.Oa), which is liable to act as tin; cathode 
of a corrosion couple, on the lucxt occ^asion when the iron becomes 
wetted. 

The above two ex])lanations ap()ly in cases in wliidi the iron is 
allowed periodically to be<tom(i dry. But rust seems to favour the 
continuation of (a)rrosion even when the metal is ^constantly 
immei'X'd in water. 'I'he narson for this appears to be that the ru.st 
pT’cvents to a large extent the diffusion of dissolved oxygcui to" the 
portions of metal immediately below it. At first .sight, it mightibe 
thought that corrosion would thereby be retarded, but it must be 
remembered that the P.D. of iron is itself largely affecten by the 
presence of oxygen. Wo may, therefore, get corrosion coils' of the 
type, ' 

I Water free I Water containing , 

Iron , Iron 

I from oxygen | oxygen 

set up. In this ease it is the iron below the rust, to which the 
r(dTt. Desch, TriviH. Vnrailaij .SVc. 11 {IDIO), 202. 



CORReSION ol’ jpiTALS** 

. ** • 

oxygen has ml access, whicJl is attaoked-ja [esiift. quite in accord¬ 
ance with the generftl ch%racter ot eloctrtioheniictil jetior** * 
In many of tjie, copper alloys, the exi«tonco of <)asic (jojjper saitS , 
<i'f' the corrosion product is a potent cause of contffiued corrosion. 
Copper exist!) in two possible states of oxidatipn, and a JopjJbr salt 
probably *ots as»an oxygen-carrier or catiflyst,|iRd 1,hus promotes * 
the removal of the hydrogen. , • ^ 

General Cdrro'sion and Pitting. It is (uiigiomary amoyg 
engineers to distinguish two general types of corrosion. If ^he 
whole surface of a metal tube or plate is attacked uniformly, so that 
the whole tube or plate becomes, in the course of time, slightly 
thinner, it is customary to speak of the phenomenon as ” general 
corrosion ” or “ general thinning ” ; this type of corrosion is usually 
slow, and causes but little annoyance. Sometimes, however, local 
and very r^jiiif corrosion occurs at a fmv points, where the corrosive 
agency .seems to bore into the m»tal, quk^kly jirodudug deep pits, 
and finally causing perforation of the tube or jdate ; this tyjie is 
known«as “jiitting.'’ I’os.sibly between the pits, the surface of*the 
metal may be almost unchanged, so that the. total amount of metal 
attacked in the type of corrosion known as pitting may not exceed 
that involved in “ general thinning ” ; bnt it is obvious that pitting 
will cause the failure of the, plate or tube much more quickly. ■ 
'I'bo cause of pitting varies in different cases. Many occurrences 
of pitting in steel have been attributal)le to the presence of mill- 
scale upon t he surface. Steel alway.s comes out of the mill covered 
with a bluish-black scale, consisting mainly of the o.xidc Fi'aO,, 
caused by the action of steam and air on tins hot metal. If the 
layer of scale is left untouched, the effect of the scale is rather to 
pi'otect the iron than otherwise. Supjmse, however, that the scale 
is mainly removed, but. through imidveitonee, a flake is left on the 
surface here amt f hcre ; imder such i-ireumstauees couples of the 
type 

• ^ Iron I Water | Scale 

may be set up at these points. Magnetite (FejO^) is a good ee i- 
duetor of electricity, and is eraiivently suitable to form the cathode 
of a cyrr?)sion couple. Hence corrosion takes place rapidly at the 
points liChero the flakes exist, and rapid pitting occurs.^* Therefore, 
if the scale is Mnove^ at all, it should be removed completely. 

In other cases, the pitting may bo occasioned by a ^am of som* 

“ noble ” impurity occurring at the surface of the metal at the point 

' J. Aston, Traiitt. Amer. Ekctrochem. Soc. 29,(1910), 44^ 

* Q. C. Whipple and M. C. Whipple, Sth Int. Cong. App. ChcTit. 21 (11112), 
165; W. H. Walker, Tran.-i. Afner. Elevtrodtem. Soc. 14 (1908) re2. * 
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in question, llr.njin^im brorze, pitting is said to occur around 
Ithe parades of t|jeicomppund CiAl^.* If is stSted that the presence 
bf manganfse sulphide or forrous sulphide in steel ciccasions pitting 
for* the same f&son ^: certainly iron containing sulphur is verjv 
liable 'id sfcrious c'orrpsion, but it is quite likely that tfhLs is due to 
the sulphuriQ acfdf*derived from the sulphide particles.^, “• 

JVhere tjie corrosion product has an especially favourable influence 
upon further corrosion, there is likely to be pitting. For in sfleh 
cA'os, If, through any'ohance circumstance, corrosion commences at 
one ijarticular spot, it is likely to continue at that sj)ot in preference 
to others. In brass condenser tubes, it is most important that the 
basic salts which form the corrosion product should not be allowed 
to adhere to the tube ; normally, they w'ill be carried out of the 
tubes by the current of water passing through them, but if the 
water contains foreign bodies such as sand, coke, seaweed, or other 
ddbris, these bodies may settle oq the surface of a tube, and entrap 
the basic salts, which wall then facilitate further corrosion. If once 
coreosion is fairly started in a tube, it is very dillicult to ^sto]) it. 
Consequent!}', it is important, as far as possible, to keep foreign 
tiodics out of the tubes.■* 

Atmospheric Corrosion and Tarnish. Hitherto we have 
(ionsidered the corrosion of metals which are in contact, either 
contimfdusly or jxiriodically, with water. The atmospheric corro¬ 
sion of objects exposed to the weather in ordinary climates comes 
under this heading, for here the metal is periodically wetted by 
rain, and, as oxygen is always jiresent, conditions are most favotir- 
able for corrosion. 

It is necessary, however, to study also the changes in the stirface 
of metals exposed to the air, but never brought in contact with 
Ikiuid water. The words “ liquid water ” are used purposely, for 
the presence of water vapour in the air is, in most cases, essential 
for an^ change at all ; even a highly reactive metal likt? potassium 
remains unchanged when ex])osed to perfectly dry, pure air.. 

Most metals, however, utidergo some surface oxidation‘when 
exposed to ordinary damp air, the change being usually ntore 
marked in damp and hot climates.«. The changes are nearly always 
accelerated by tjie presence of acid gases, such as hydrogen cljloride, 
sulphur dirnide and carbon dioxide, which occur in the atinosjjhcre 

‘ C. H. Descli, Trans. Faraday Sac. 11 (1910), 202. 

* K. P. Grigorowitclvj Rev. Met. 12 (1915), 242 (al>8tract). 

* <i. 1’, Moody, Proc. Chem. 6'oc. 25 (1909), 34. Whilst Moody's views 
on the general subject corrosion aro nol usually aot^ojilod, he is probably 
right on thi/ particular {>oint. 

G. Df Bengough, K. M. tlonoe and R. Pifret, J. Inst. Met. 23 (1920), 104. 
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near many manutacturnjg ®owns„and sometinjoS by.fthe presence 

of ammonia, which*occu{.s in the* air nSar’sfc^bles. T|j^se facts 
suggest that tjje changes really take place in a, filth of adsorWt^ 
'.moisture, which is known to exist upon the metal, according to*the 
electrochemical principles discussed above. Po^ibly thejpiesfince 
of thc» ftci^l or alkaline substances m’entioiwd se^vtts to increa.se the • 
conductivity of the film. Further research upon the mechanism 
of*atmospheri« corrosion is, however, needed. * 

Usually the effects of exposure to the airfare e.lfremely.slight. 
They arc most obvious to the eye in the ca.se of metals like copper 
and lead which have coloured oxides. Both these metals darken 
and lose their lustre when expo.sed to air; but the oxidized layer 
(the composition of which probably does not correspond to any 
oxide known in the ma.ssive .state) is really extrenu^ly thin. It 
becomes t^iclfcr at high temperatures ; copper e.\po.sed to heat 
often shows the colours characteri.stic of thin oxide films. 

Zinc and aluminium, which do not form coloured compounds, 
alter l(|!.s in appearance as a result of exposure. Actually, howep^er, 
they suffer superficial oxidation. Aluminium, as has been men¬ 
tioned, at once d(welops a thin oxidized akin, which, how(wer, is so 
compact and adherent that it prevents further oxidation ; con.se- 
(juently aluminium usually keeps its metallic lustre better than 
many of the metals far above it in the Potential Series. • \ 

On the other hand, when the corrosion product is hygroscopic, 
it may ab.sorb water from the air and corrosion will continue at 
an increa.sing rate. This occurs in the case of zinc in the presence 
of hydrogen chloride, copper in the pre.senee of ammonia, nickel 
in the jiresencc of sulphur dioxide, and .sodium in pure moist air.' 

'I’he Corrosion of Alloys. It has been mentioned above that 
the presence in a reactive nu'tal of a noble impurity occurring as a 
.separate phase, is likely to favour corrosion, by allowing the forma¬ 
tion of a Corrosion coui)le. On the other hand, the pre.sence of a 
nohjc metal in solid .solution will -as long as it remains iti .solid 
solution—tend to retard the passage of the active metal into the • 
ioitic condition. 

Some of the a'lloys consistir^ of mix(;d cry.stals withstand cor- 
ro.sioiir<*narkably well. Monel metal, an alloy of nickel and copper, 
is far ffiore resistant both to acids and alkalis f.hai> either con¬ 
stituent. "* , 

Various elements, c.g, chromium, are sometimes ftddcd to irop 
and steel in order to increase the rcsistanoe to corrosion. Steel 
containing copper also withstands the action of weather better than 
ordinary steel; here it is possible that thd copper istnot in solid 
* XJ. R. Faraday Soaiety (1923). * * 
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solution, but,foms^a continuous^ netwftrk.between the grains, thus 
vestrictijjg corrosicgi fno outSjide layej of ^/ains.' 

the effect 'of (:orrosion ,jon an dlloy containing^ two metals is 
naturally <rath(tf complicated. Usi/ally the more reactive metal is*- 
prefcrantiaily Uttitcked, .so that the .surface layer bcco«nes 1001*588- 
ingly rich in tlnymor*. nohl6 metal. Thus brjiss, aftcr«4)eing 
“ pickled ” in acid, is found to have a layer on the surface richer in 
"copper than the interior portions. A rather similar phenomenon, 
uaijally styled dczincification,” appears to occur when brass is 
allowed to corrode in .sea-water. A layer rich in copper is found 
at the .surface of the metal, but it is thought by most investigators 
to be formed indirectly ; according to his \'iew l)oth zinc and oopjx'r 
are dissolved at first, and the copper is then redeposited (chemically 
or electrochemieally), a corresponding further (piantity of zinc l)eing 
thus brought into solution. Whatever the mochavisnj, the cor¬ 
rosion is greatly accelerated at points where the corrosion product 
containing copper .salts is allowed to accumulate on the brass surface. 
Ttuveopper salts appear to function as oxygen carriers. The subject 
will be further discussed in the section on Brass (Vol. IV). 

Very interesting is the action of nitric acid upon gold-silver alloys 
at 115° C. When ^ of the atoms of the mi.xed crystals consist of 
silver, the acid dis.solves practically the whole of the silv'cr, the gold 
l/iing h/t in a spongy condition. On the other hand, when only 
half of the atoms consist of silver, the acid is practically without 
action on the alloy, except at the surface. Apparently, the removal 
of half the atoms of a space lattice near the surface does not open 
up the alloy sufficiently for the acid to ])enetr'ate into the interior. 
If, however, of the atoms belong to the soluble variety, penetration 
can occur, and the attruf; continues indefinitely.- 

Does Chemical -as opposed to Electrochemical Cor¬ 
rosion Exist ? Erom the ascertained facts of experimental 
electrochemistry, it may be predicted that whenever a non-uniform 
metallfo surface is introduced into a conducting li(|uid, a current 
will flow between the cathodic and anodic portions, and will* con¬ 
tinue to flow until the potential at the.so portions has become eqiRil. 
The equalization of potential may pceur either 

(a) through^the accumulation of adsorbed hydrogem-upon 
tfce cathodic portions ; 

i * K. A. Richardson and L. T. Richardson, TrauM. Ainer. Electrochem. Soc. 
38 (1920), 221. , 

* See 0. Tammann, Zaitfich. Amrg. Okem. 107 (1919), 1 : 112 (1920), 23 ; 
Zeitfich. Metallkunde, 13 (1921), 400. Taminann lias worked out a most 
intor^sting th#ory of tho*attack of corrosive agents upon solid solutions, 
which is lot, however, universally aoceptetl. 
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{b) through'the formation a protectjw o^de-film, or 
other prfftecti^e film, c»i the finadij: portions. • 

Normally one *01 these conditions vtiU’quickly 6e arrived at, , 
thefo will be no lasting corrosion. If, however, nefl-her (o) nor (h) 
occur, the current must continue in(Jefinitely,vin3 this must Involve 
the corrosion of the anodic portions, tff thi\Jwn,factors which" 

would tend to bring corrosion to a standstill: • • , 

• • • 

(«) The accuiniihiion of hydrogm at thctcathoiic portions jnay 
he prevented, if 

(i) the conditions are such that hydrogen is evolved in 

gaseous form (e.g. from an acid solution), or if 

(ii) dissolved oxygen is able to oonibine with and 

continuously remove, the adsorbed (invisible) 

hydrogen. 

(!)) Till’, production of a protective film (total or partial pa.ssivity) 

^ is unlikely to occur if there arc presMit cither , 

(i) substances which would tend to dissolve an oxide- 

film (e.g. an acid), or 

(ii) sub.stancos which would tend to loosen the film and 

render it non-protective (e.g. chlorides). ^ 

• • 

T.(ius, even if no research had ever been conducted uj)on the 
phenomena of ordinary corrosion, our experimental knowledge of 
the behaviour of single electrodes would lead us to expect corrosion 
in the majority of conditions under which- in jmictice—it is met 
with. 'The fact that it has been shouii possible by Lambert to 
avoid corrosion by obtaining absolutes ])uiity and uniformity in a 
metal—although of no commerciiil importance, owing to the 
rigorous character of the precautions necessary is ccrt.ainly an 
argument in favour of the electrochemical character of cor¬ 
rosion. • 

Vntil it has been shown definitely that corrosion occurs under* 
conditions in which the electrochemical theory W'ould fail to pre^’ct 
it, or in a dcgrcti which could not be aocount(^d for by that theory, 
there i* little need for the so-called “ chemical theories ” of cor¬ 
rosion* In the view of the present writer, it is»difficult to find a 
single clearlj»iirvcstigated case which would force us to adopt the 
hypothesis of chcmiJal corrosion.* As soon as such^a case has been 
brought forward—and has been verified by^ investigators po.sscsifed 
of a complete knowledge of electrochemical theory—ho will be 
propai’od to accept the view that chemical corrosion, as well as 
^ U. R. Evans, 4(ln,gincerhig, 114 (1922), 370. 
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. electrochemiavl colrjsion, can ocijur ; i* is quite possible that cases 
of this k^qd may^bg btouj'ht ujf in tke npar fdture. 

sH is perfoct'iy ifue that/iertain investigators haye already ob- 
* taint'd resdfts, which--in the view W these investigators—cannot 
be iiltejj^’cted Vipcfti the electrochemical theory. In some of tlmse 
•cases, facts have*'j^ndoitbtedly been brought to, light requiring 
furtjicr investigation, but it appears probable, that this investigation 
would show them to be capable of explanation or. the electrft- 
chenjiical theory? At •the same time, it is fair to add that many 
authorities who have an undoubted experience of corrosion regard 
the unmodified (dectrochemical theory Us unsatisfactory. Amongst 
others may be mentioned the members of the Corrosion Committee 
of the Institute of Metals ; the reports of this Committc* '—which 
constitute a collection of facts of great value- should be studied by 
any reader who wishes to regard the subject from both standpoints. 

Even if proved to exist, “ chemical corrosion ” could really be 
regarded as a special case of “ electrochemical corrosion.” In the 
clectfochemical corrosion of a divalent metal AI by water containing 
oxygen, the following reactions occur - 

(1) at the anodic portions M = ,11'' + 2c 

(2) at the cathodic portions 2H' -|- 2c = 2H 

followed J)y 

(2) 2H + 0 -= H..0 

The. removal of hydrogen leaves the water alkaline, and conse¬ 
quently the metallic hydroxide is precipitated by the change, 

(4) M" -f 2(OH)' M(0H)3 

Adding uj) these four equations, we get for the total change, 

M -f 2H- -b 2({)H)' + 0 ■ M(OH), -f- 
or, writing water in the unionized form (HjO), 

, M -f H,0 -f 0 -= M(OII),. 

This is the final result of the changi!. ^ 

If now w(! imagine corrosion to takt place in a chemical rniinner, 
that is, without specialized anodic and cathodic areas, wo»can 
imagine all tke stages of the change 

« M -b HjO + 0 = M(OH)/ 

• 

^ W. E. Gibbs, 11. H. Smith anti G. D. Bengough, J. Inst. Met. 15 (1916), 37 ; 
G. D. Bongough and 0. F. Hudson, J. Inst. Met. 21 (1019), 37 ; G. D. Bon- 
gough, B. M. Joni a and K. Pil rot, J. Inst. Met. 23 (1020), 65 ; G. J>. Bongough 
and 4 Sluiart, J. Inst. Met. 28 (1922). • 
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to occur at the same points of tho metal! jo sprlace. 'it can then he 
expressed convenichtly by (!he single e^uaticn .just giv»n; bul, 
since tho metajlio atoms arc in an unclwrgcd state before corrosidn, 
and in a charged state after corrosion, the change must still be 
regarded as* in a sense an electrical, one—cvep although tJit! anodic 
and V^ithodic areas are identical. Ono A^an \herpfr)re define the* 
hypothetical “ chemical ” corrosion as being ele( trocbcmical »co);- 
rdsion proceeding* under conditions which allow the same areas to 
function both as cathodes and anodes. ’ ’ 

Various special forms of the chemical theory have been devised— 
mainly to account for the’ action of certain types of corrosion- 
product in stimulating corrosion. The accumulation of copper 
chloride upon brass which is immersed in sea-water undoubtedly 
accelerates corrosion. It is regarded a.s acting, in effect, as an 
oxygen-ergriA according to some such series of changes as * 

4CuCl -f 0 -* Cu.t) + 2CuCl2 
VuOL + Cu - - 2CuCl 
CuCL + Zn . . ZnClj + Cu 

Similarly, the view has been ])ut forward that colloidal iron 
hydroxide acts as an oxygen carrier in the corrosion of iron and 
stecl.2 But in both cases the observed facta can be explained 
ecjually well- in tho opinion of the present writer—on th^ electflp- 
ohemic.d theory. 

Summary. Metals which stand below hydrogen in the Potential 
Series, arc in general attacked by dilute, hydrochloric or sulphuric 
acid, hydrogen gas being liberated ; the rate of attack is usually 
much more vigorous when the metal is impure, or where it is in 
contact with some more “ noble ” suhstance with a low “ over- 
potential ” value, a .short-circuited cell or “ couple ” being set up. 
Metals standing above hydrogen cannot liberate hydrogen as gas, 
but arc in many cases attacked by oxidizing acids, such as nitric 
or hot concentrated sulphuric. * 

Some of the more reactive metals attacked by neutral or* 
aUialine solutions, but usually only in cases where the hydroxide 
.will be soluble ift the solution.s,in question. Several comparatively 
“ nohle*’ metals, like gold and silver, arc attacked by potassium 
cyamdc in tho ])resence of air. * , 

Corrosion (5f*t%immon metals by commercial or domestic water- 
supplies depends normally on the pre.seiico of disfAlved oxygeij; 
acid waters arc usually more corrosive tl^aii alkaline, but hard 
waters usually le.ss corrosive than soft. In the case of many metals, 

* G. D. Bongongh, K. M. .Tonca and It. Birret, Inst. (1920^, 101. 

* J. A. N. Friend, Trans. Vhem. Soc. 119, (1920), 932. • • 
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chlorides, whidi kftej) metals,active* greatly increase corrosion. 

Obntact y^th “ nobje ’* sijbstanefe which,conduct electricity ofter 
^ sotsf up corrosion, and .strained metals' often corrode o^ing to couples 
set ftp neaV thi»* point of straining.* The anodic action of stray 
electficKiJrlentt is*often very serious. « * 

* Sometimes tjie A'^x-r c»n bo treated so as to reduce its fowosivt 
powfr; ad^lition of alkaUne .substances or of chromates (which 
render iron passive), and also the removal of dtssolvad oxygen, afi 
effdt^ive remedies MS)re often the metal is trttited. When iron 
is covered with tin, lead, nickel, or co))per, the coat must be con¬ 
tinuous, otherwise the “ coupk^set U}f at the point of exposure oi 
the iron will tend to favour conosion. On the other hand, when a 
/.inc (a)at is ii.sed, it protects the iron even when^ the latter is ex|) 0 .sed, 
since zim^ stands below iron in the Potential Series. The employ- 
juent of zinc, proteeloi's." and of electrochemic»l ^cathodic) 
protection tlepcnds on similar pripciples. fii f.he ])i'oteetion by a 
paint film, a nearly non-cnndiicting, moistnre-free film should be 
aimed at. The nature of tin; pigment is important; any fijfni of 
carbon tends to aid corrosion, whilst (in the case of iron) chromates 
and basic pigments tend to reduce it. 

The presence of the corrosion product ” has an important elfect 
on further corrosion. If closely adherent it may shield the metal 
bJow ; ».i other cases, it may act (in one of several ways) so as 
to promote further corrosion. More especially, it may give rise 
to “ pitting,” which is far more serious than uniform “ general 
corrosion.” 

in perfectly dry air, jiiost metals keep bright. In damp air, 
surface oxidation takes ])la('e. At ordinary temperatures th(! 
thickness of the oxidized film is small ; the dulling is mo.st eoji- 
spicuous in cases like lead and copper, metals whidi, in other cases, 
form coloured compounds. fSome reactive metals, like aluminium, 
become covered with a closely adherent oxirle-film, which,tends to 
make them behave like (juite ” noble ” sulrstances. 

• The question of the corrosion of alloys is complicated, d'he 
addition of a “ noble ” metal as a separate phase tends to promote 
corrosion by causing a couple, whils^the presence hi solid solution 
reduces corrosion. Thus a trace of copper in water tends t(t*favour 
the attack stct:l, but cojiper dissolved in the steel materially 
reduces the corrosion. In the attack of acids upo/t Wtlid solutions, 
th^ relative aimmnt of the two constituents is all important; if the 
more attackable constituent is in excess, it may be dissolved away 
preferentially, throughout the volume of the alloy ; if present in 
small amount, it is dis»5olved at the surface only, a protective 
layef *rich«in the more noble constituent being thus produced. 
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l<jl«;trooh(!iiiical prin«i))lb» wo'ild lead^ us, ti'« fejpuUt most of Uio 
phenomena of coitosioii wllich Are acf;ual\y ,f)l,)scrved, i^d it ^is 
probable thal* nearly aU the "known cwses of corrdsiop are ol’Mic, 
“ electrochemical type.” S(?lne authorities reg'ard t!he eWctro- 
chemical theory as unsatisfactory and be)iyv»* in’dirJc? ahe’mical 
corr64io# ; such “ chemical corrosion " c,mld, yhveyer, be regarded 
as a special case of " eloctrochemical corrosion ” in wl\ich cathodic 
iftid anodic areas arc identical. 
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RADIOACTIVITY 

Iti I89(i, Becqucrcl discovered that coinpoiiiids containing 
uranium emitted rays which were capable of affecting n photo- 
grajihic plate in the same way as light rays, hut which readily })assed 
through black paper and other substances opaque to l^ght. About 
two years later, it was discovered that thorium and its compounds 
possessed similar properties, to whVh the name “ radioactivity ” 
camCjto bo applied. It was also found, by Mme, Curie, that the 
naturally occurring ores of uranium contained other substances 
more radioactive than pure uranium itself. After much laborioas 
work, she succeeded in isolating several of these substances, in¬ 
cluding one especially radioactive substance to which was given the 
najhe of,radium. The discovery of this sensationally active 
substance awakened great interest in the subject of radioactivity, 
although, it is right to point out, many of the, properties of radium 
are possessed—in a less marked degree—either by thorium or 
uranium, elements which have been known for a long time. During 
the past two decuxdes many other radioactive elements have been 
proved to exist, so that the nund)cr now amounts to at least thirty- 
nine, whilst new discoveries are reported from time, to time.' 
Many radioactive elements, like uranium and radium, are con¬ 
stituents of “ uranium ores,” whilst others, like thorium and 
ine.sothc®ium, occur in ” thorium ores.” 

, The nature of the rays givam off by radioactive substances Jifc 
been carefully studied by physicists. The principal rays can bj 
dassified as follows :— • 

a-Rays. These have been shown to consist of small poilftively 
;lectrified moving* particles (u-particles); each particle btmrs a 
positive electric charge equivalent to twice the ne^th’e charge of 
in electron, whilst the ma.ss of the particle is about four times that 
)f fhe hydrogen atom. Jt is practically certain that an a-particle is 
dentical with the nucleus of the helium atom, that is to say, with 

^ Sec, for inslflnce, 0. Hahn, tier. 54 (1921), 1131 ; A. Piccard and E. 
Itahet) PhyS Zeitsch. 23 (1922j, 1. 
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RADIOAGfiviTY ’ 429 

the atom of tho’inSrt gg,8 l>elium ^bereft of tw(j eleotj^ns. Gaseous 
helium has been sh(*wn t(j be formed in riftiicactivo changes in whiah 
a-rays are given out, and a quantity of pccluded Jieliam is invariaj)ly 
found in uranium ores ; ai)par(mtly, the helium .vi formed by the' 
uirfon of electrons with a-particles. when the Ijitte* ara ;«rr,psfted in 
theiv a:ourse. , * 4 » 

/?-Rays. These consist of negatively elcotrined moging particles 
(P-particles) ’rnuoh smaller than the u-particles. It is practically 
certain that the ^-])articlcs are nothing bu'? free'clectrons'. ^ * 

y-Rays. These do not ^appear to consist of j)articlcs at all, but 
are ))rol)ably closely connected with X-rays. As aha'ady explained 
in the introduction, X-rays are waves ])rodnced when rapidly 
moving electrons (“ eathodi; ray particles ”) ai'e brought to a stop 
by a mcdallic surface ; the disturbams! caused l)y the moving 
el<ictrons»to *the electrons of the metallic atoms ap})ears to he the 
essential eanst; of jrrodnetion ofjhe X-rays. Now, when an electron 
(or /1-particle) is ex])elled from the imclcus of a ratlioactivc atom, it 
prob»bly cairses a disturbance of a .somewhat .similar chai'acter. 
It is not sHr))rising, therefore, to tind tihat y-rays—very similar in 
properties to X-rays are generally |)roduced during the liberation ■ 
of the /1-partieles. 

d-Rays are prohalily merely /l-rays moving with very sigall 
velocity. They need i\ot be discussed further. 

Properties of a-, /I- and y-rays. It has been stated above 
that the rays were first rccogniz('d by their action upon the photo- 
gra])hic plate. /1-rays have a x’cry ])owerful action upon the plate, 
y-raya a rather le.ss marked effect, whilst u-rays are the least active 
of the three in this respect. As m the ease of the effect caused by 
light waves, fhere is no immediate visible change in the appear- 
ance.s of th<> irlate, hut when the plat i' is srdisequently treated with 
a “ devgloper,” it dai’kens where the rays have fallen upon it. 

More striking is the effect of the rays in cau.sing certain |^U)S])hor- 
escjpnt .substances to glow. Gertain forms of zinc sulphide becoiiH^ 
luminoua when exposed t(' «-rays. If a screen coated with zi .c 
, sulphide is pliKed near to a radioactive body, which is giving off 
a-parVclcs, a visible flash is c*uised at t he point of impact when each 
.seplmate a-particle strike.s the screen ; by nKaa-s of a microscope, 
it is possible count the actual tmmber of particles striking a zinc 
sulphide screen duilng a given time.* /1-Rays and ;'^rays also render 
the same substances luminous, but to these rays zinc silicate and 
barium platinooyanide arc more sensitive than zinc sulphide. 

^ Sir W. Crookes, Chem. Nrws 87 £41; C. lii^therford and H. 

Geiger, Proc. Roy, iioc. 81 (1908), 141. , ‘ ^ 
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' The a-, /?- Vjid 7 -^a,ya differ mfst remarhably in their 
penetrating matter.^ The*a-ray», consisting ofr helium nuclei, are 
easily stopped by'{natter f Jhe /3-pai ticles, being merely electrons, 
'havei rathe?* mqre penetrating power, whilst y-rays, which are 
probably i‘ j\on«ma<,erial ” in character, have still greater powei*of 
passing tfirough s^jjlsfanqes thdt are usually considered ^opaque. 
In aU cases it id to be noticed that substances of high atomic weight 
like lead stop the passage much more effectively, than substances 
of low atomic weight, like aluminium. Gaseous*substances—such 
as air—have naturally far less stopping power than solids, although, 
in the case of a-rays, the diminution of velocity by even a thin layer 
of air is very serious.^ 

It must be understood that the a-rays produced by one radio¬ 
active element may be expelled with very different velocity from 
those produced by another, and consequently the a-rqys will have 
different penetrating power in the two cases ; the same is true of 
/1-rays and y-rays emitted by different substances, The following 
remajks by Soddy are quoted “ in order to give some rough idea of 
the relative absorption of the three types of radiation :— 

“ The a-rays are most easily absorbed. None are able, to jienc- 
trate a piece of ordinary paper or a few centimetres of air at 
atmospheric pressure. The /1-rays go through thin metal foils with 
ea^, but^are for the most part absorbed by a millimetre of lead. 
The y-rays are able to pass through a great thickness of metal 
without complete absorption. The more penetrating types arc 
those of the thorium and radium series, and for these every 1-4 era. 
of load cuts down the radiation to about half its initial value.” 

If, as is generally believed, the particles penetrating any medium 
actually pass through the component atoms, one might expect 
some change to be produced in the medium also. Actually this is 
found. The most universal effect is a heating of the medium, the 
kinetic energy of the a-particles being given up, as they .stop, to 
tihe molgcules of the medium in question. The rise of temperature 
Sau.sed by radioactive change is quite appreciable and is largely 
due to the kinetic energy of the a-particlcs.^ Sometimes, however 
the a-particles \vill produce other more striking effects, the atoms , 
composing a molecule being, as it were, knocked away froifti one 
another by the projectiles; thus u-rays, passing through w^ber, 
cause decomposition into oxygon and hydrogen. 4«i«other cases, 
the decompositi{)n may bo of a sub-atomic character; it has been 

t 

^ The manner in which^tho velocity of a-roys diminishes during their 
flight is described by H. Geiger, Froc. Roy. Soc. o3 [A] (1910), 505. 

* From F. Soddy’s “ Cliomistry of the !Hadioaotive Elements ” (Longmans, 
Green & Co.), c * 

„ ® Vtuthfrford and H. T. Burnen, Fhil. Ma§r 7 (1904), 202. 
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found that when a*rays,pais thro’jgh air, or ai}y> oth,^r gas, the gas, 
becomes a conduotoi! of e^otricity.* Thist^henojjienon is apparently 
due to free electrons being “ knocked ijway fronj’’ the atoms, end 
i the gas thus comes to contabi negative ions (fr«f eleotrons)»and ’ 
positive ions (the residues of the deeompuscd adorns or,molecules). 
The “ionizatioi^ ” of a gas by a-rayk will Ije fdither discussed below,. 
becau.se it provides a means of raea.suring tne ddgree of radio- 
aetivity of a jiub^ance. It may, however, bo mentioned here tliift 
both ^-rays and y^ays are capable of prodmiftig ionization iji a gas, 
although naturally to a much smaller extent. "" 

The majority of the u-particles appear to be but little deflected 
in their course by the atoms through which they ))a.s.s. Probably 
these comparatively undcflccted u-particles do not pass )iear to the 
nucleus of any atom, A very small proportion of the whole suffer, 
however, very marked deflection in their cour.se ; a certain number 
are thrown off at right angles to their former direction of motion, 
whilst a few ar(.! even more dcHfctetl out of their course, deviations 
of having been observed in the ])assage of n-rays through,gold 
and silver foil. It is thought that each of these violently deflected 
particles must have passed very close to the positively charged 
nucleus of some atom, and thus has come, within the zone of electro¬ 
static repulsion. It Is, in fact, mainly upon this violent deflection 
of a small proportion of the iiaidieles that our knowled'je of tl)e 
nucleus is based.’ 

We have just seen tliati bombardment with n-particles may 
cause - 

(1) Incr(^a.sed molecular movement (heating effect). 

(2) Disruption of the molecule (e.g. deeomiiosition of water). 

(3) Disruption of the at(.)m (ionization of gases). 

There is, however, a further possibility, namely 

(4) Disruption of the atomic nucleus. 

Ruthefford - has lately shown that when u-rays are passed through 
nitrogen, swiftly-mo\ iug charged particles (“ H-jmrtieleij") are 
eiul{.ted, which are probably identical with the nuclei of hydrogen, 
a^oins, 'J’hese particles are thought to be formed by the bre^''- 
,down of the nitrogen nucleus, and thus the fourth possibility 
mentioned above has been lealized. The discovery marks the 
app!tr«nt solution of a problem which has attraated the attention 
of mankind inpm early times, namely the artificial transmutation 
of one element intd another, 

^ H. Geigor, Proc. Roy. Roc. 81 [AJ (1908), 174 ; *H. Geiger and E. Marston, 
Phil. Mag. 25 (1913), 604 ; E. Ki^herford. Phil. Mag. 27 (1914), 488. 

* Sir E. Riitlierfoi'd, J*ror. Roy. Ro<\ 97 (1920), i ; Sir l'!*Huthorff>rd and 
J. Chadwick, Phil. Mug. (1921), 809. 
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It is impoAant Jo note that such a:^‘ artificial t<ransforjnation ” 
oj one normally ’stfibhi element,‘(nitrogen) inl^ another has only 
recently •been (achieved, Und only take^ place apparently under, 
eM^tionaify (^stic treatment, gamely the boifibardment by 
(i-par,ticl(is pio-yng,at the rate of 12,000 miles per second. It nwist 
,not be coiifused wjlV iho^ .spontaneous transformations ” m^t^with 
in the radioactive# elements themselves, which will sKortly be 
des(?ribed ; 'these latter transformations—which have been kno\vn 
for,^ two decadesr -tak,-! place continuously and sjpontancously, and 
are Tinaffected by the conditions under which the radioactive 
elements exist; in fact, it does not so/nn to be within the power 
of man either to accelerate or to stop the spontaneous processes. 

The Measurement of Radio¬ 
activity. In order to obtain a measure 
of the intensity of the ra^lioactivity of 
a substance, the jmwer of ionizing air 
po.sse.sse*l by the different rays is gener¬ 
ally employeii. A siin])lo form of the 
apparatus used is shown in P’ig. lib. It 
consists of two chambers constructed 
of metal, the upper one being known as 
the eleotroscojjo, and the lower one 
being known as tin; " ionization cham¬ 
ber.” 

In the oleetrosoope, an upright strip 
of stiff metal M is sujjportcd by a plug 
of sulphur, S, the sulphur serving to 
insulate the strip from the ca.sing of 
the a|)i)aratus; at tlu^ upper end of the 
strip, a j)icce of v('ry thin “ aluminium 
leaf,” A, is attached, the lower end of 
the leaf being free to lly outwards from 
the strj»). The ionization chamber contains two horizontal plates 
rof metal; the upper one, P,, is connected, through the sulpfiur 
plug, to the metal strip M of the electroscope, whilst the lower o7|p, 
Pj, is connected to “ earth.” • ^ 

The bent rod B, also insulated frfmi the metallic casing»*can be 
turned at will so ms to touch the atrip M. If, when B is in eoRtact 
with the strip M, a rod of shellac, which has beej electrified by 
rubbing on flaijinel, is brought into contact wfth the upper end U, 
both the strip and the aluminium leaf become electrified also. 
Owing to the mutual repulsion between like charges, the leaf flies 
outw'ards froig the strip,to a considerable angle ; its exact position 
, can, be observed through a window (\^) in the metal casing by 



Pig. 90.—Appjiralns for 
Moasuroniout of l-ttullo- 
aiOivity. 





pADIOAQirlviTY 43S 

• * I 

means of a micrt>s(»)pe ^rojftlcd with a micromeier sc/ale. The rofi 
B is then twisted J^ain so tjjat i\no lo«get toudheJthe strip. , 
, When once “ charged*’ in 4his way, the eltotroecope Scecpij its 
^ charge very ^tell (so long as,the ionization ohfmfber'aontains'nc 
radioactive^substance) and the leaf continues rx^nt ^n^.\^3ads a1 
almost the .same angle for many luxirs. ^'h(S’(|i|j, howcvdr, a smali 
leakage t)f the‘charge to earth, cither along%tho Surface of the 
sylphur phig,^or through the air, and consequently the Teaf ten(!.i t*: 
drop slowly tow8,rds the strip M, the ra^ of tnovemei^t Ixyng 
measured by means of the microscope. 

If, on the other hand, ti radioactive substance be placed on a 
little tray on the lower plate P», the air in the ionizatioa«chambei 
will become “ ionized,” and the rate of leakage of electricity froni 
the upper plate to the lower plate (and thus to “ earth ”) increases 
very much, as is shown by the increased velocity at which tin 
aluminiuift k*if falls. The rate of fall of the leaf, observed througl; 
the microscope, serves a.s a mcaiure of the activity of the substance 
placed in the tray. The instrument must first be “ standardized ’ 
by ndiing the rate of fall when some “ standard ” radioactive sub 
stance, such as pure oxide of uranium, is placed in the ionizatior 
chamber ; it can afterwards be used to examine the activity ol 
unknown materials. 

For accurate work, various refinements may be introdijped ii:^( 
the iii)paratus, but the simple form just described gives resulfc 
sufficiently good for many purposes. 

Changes Occurring in the Radioactive Substance. Froir 
the point of view of the chemist, the actual rays given out bj 
radioactive substances arc of much le.ss interest than the remarkabh 
changes which occur in the substances tbem.selvcs -changes whicl 
are evidently closely connected with the loss of the a- and f! 
])articles. 

When p solution of fleshly purified uranium nitrate is allowed t( 
stand for a few days, it slowly gives off u-rays, and there apjj^ars ii 
th5 liquid small quantities of another metal, uranium X„ whicl 
w^ not there before. Uranium Xj differs from the original uraniu . 
,(“ uranium I,”«a it is called) in chemical, as well as radioaotivi 
properlies. For instance, if a^ittle ferric salt is added to a solutioi 
confSitiing uranium I and uranium Xj, followed by excess o 
ammonium os-iihenate, the whole of the uranium Xj is precipitated 
along with tho iron,*whilst the uranium I remains qp. solution. Bi 
filtration, therefore, it is possible once more to free the solutioi 
from the impurity (uranium Xj) and start again with pure uraniun 
I nitrate. After a few days, ‘however, ij is foun^, that a fresl 
amount of uranium Xj Itps appeared in the solution, ®or iS,an; 

M n.—VOT,. T. F F 
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rUeans knowil whereby this transforii'ation Ol aranium I into 
ufaniuni X, can he pi jvaatcd. , 

Uraniuhi Xi,dinliko uraGiium itself, yields no a-rays, but gives 
'■off'iecbly ppnetO'tmg /?-rays ; in doing so, it gives rise to another 
substance uraniunx.Xj, having chemical properties different from 
those of dither uraptiin I or uranium X,. Uranium X, has very 
considerable /i-'/ay retivity, and each atom, as it loses a /i- 7 )artiole, 
Iwcohies conyerted to a fourth substan(s^, uranium If, indistinguish¬ 
able in chemica' properties from the original, uranium 1, but 
differt^'ig in radioactive character. Uranium 11 is believed, in its 
turn, to become transformed to a substance known as ionium, which 
appears, on due course, to give birth to radium. It is practically 
certain that tlu> I'adium which is always found in uranium ores has 
been formed from uranium in the eour.si^ of ages in this way. 
The growth of radium from uranium has now been demonstrated 
in the laboratory.' 

The Unchangeable Velocity of Radioactive Change, llefore 
tracing this curious genealogical table ” any further, it is well to 
inquire w'hether the transformations, which have just been de¬ 
scribed, could not b(' accounted for in a purely chemical manner. 
For, although uranium X, may differ from uranium J, it rioes not 
differ in nearly so .striking a fashion as sodium chloride differs from 
so lium metal and chlorine gas. The change of uranium into 
uranium Xj does, however, seem to be esscutially ditferent from 
that of “ Sodium -)- tffjlorine ” into sodium chloi'ide. I’or the 
change proceeds in the first case in one direction only. Uranium Xj 
can never he turned hack into ui'aninm I. whereas sodium chloride 
can be decomposed once more intcj sodium and chlorine. In another 
way “ radioactive transfonuations ” differ very much from ordinary 
chenneal chang('s. Ifadioactive j)roC('.s.s(‘s go on at' a velocity which 
is entirely independent of fem|iei’atnre, of tlie presence or absence 
of solvents oi’ catalysts, and even of the state of combination in 
which c'.vdioaetive clement ('xist,s ; a given quantity of uranium 
gives rise to the same amount of uranium Xj each day, wheyihr 
the uranium exists as nitrate, as chloride, or as j)ure, metal. On thp 
other hand, the velocity of ordinary chemical processes is, as a rule, , 
gi'eatly affected by changes of temperature, whilst the presenCe of a 
solvent is often ao determining factor in the change. One ifp!J)ins 
justified, therefore, in thinking that radioactive chmgtjs are essen¬ 
tially different from chemical changes, and tftc only explanation 
which appears to fit all the facts is that radioactive changes are 
“ sub-atomic ” in character. 

The rate at which one radioactri/e substance (the “parent”) 

' F- 'Sod<lv and A. F. R. Hitchins, mi Mag. 30 (1916), 209. 
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gives birth to a^iother hasibeen shown to be elasel}' connectea wilh 
the rate at whichtthe ^areut siibstanoi s^nds forth a-particlos,or 
/^-particles. There seems to be no doijl)f that it Is only tlto.se utoras 
of 'the parent which have itist an a-partiele /i-pftrticlc^ 'that 
become tijmsformcd to the new substance, tl^ oUior^ikiljit^of the 
parfiit remaining unchanged, d’Be pro^orfi(fi«if^tite atoms of tly^ 

parent. ” sutistance, which biicomo transffc-nied each minute, 
varies, howi^ver,^remarkably in different cases. It i-i*custonmiy*to 
express the ratc<)f radioactivi^ changeofa^ibstinice by stilting Ibt^ 
time required for lialf the substance present to undergif trans¬ 
formation. 'I’his is called the “ period of half-change.” The 
period of half-change of uranium 1 is 0 10“ years ; ilt would he 

necessary to wait 0 x 10* years before a uranium 1 preparation 
could become half transfoiined to uranium Xj. Thorium has an 
even longer^])eriod of half-change, about, I-7 x 10'® years. On tlu^ 
ot her haftd, uranium X, has a period of 24'() days, whilst the period 
of uranium X, is 1 -1 minutes. ‘Kor is this by any meaii.s the shortest 
(leriod known, A substance called thorium ( -' sutfci-s half-ijfiange 
in about 10‘" seconds ; clearly such a substance cannot be isolated, 
our Ixdief in its existence being founded on indirect evidence. 

During the jieriod of half-ithange, exactly one-half of the atoms 
which existed in a preparation at the start suffer change. Thus, if 
we start with a fresh jireparation of inaniura Xj, at the gxpira'^on 
of 21-0 day.s one-half of the atoms of uranium X, have suffered 
change to uranium X,, and one-lialf survive. At the end of a 
further 24-() days, one-half of the.se surviving atoms liavc suffered 
change and only one-(|uarter of the original atoms rem.ain. At the 
end of a third period of 24'() days, we have, only one-eighth of the 
original iiumher surviving. We can wrilc this result iu tabular 
form thus 

After 244) days, 1 of the atoms survive. 

Aftor*2 >, 244) diiys, [ of the atoms survive. 

•After A 244) days, J of the atoms survix-e. 

After 4 >. 2441 days, of tlie atoms siii'vive. 

After 11 X 2^4) days, of tlie atoms survive. 

• 

• 

Thff nmount of uranium X,, therefore, gradually diminishes until 
it becomes i«af)})reeiably small, unless, of course, thefe be uranium I 
present, from which fresh uranium Xi can be for^ied. 

Some physicists prefer to express the radioactivity of an elenilmt 
by means of the “ average life of an atom.’* The average life of an 
atom—that is, the average of the ]K'iiods (Jnring wlijjh all the atoms 
of a substance survive (ji'fore sutfering transformation intn^.some 
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other substancop-is Always 1-443 times iSfe “ peri*! Cf half-change.” 
Thus the ‘‘ aveltagfe Iflef’ of the uraniym X, atpm is 
^4-6 x'1-443 = 36-6 rfays. 

Tin; periofl of Falf-change gives a fery good idea of the relative 
radioaclwl^uy of'tht different radioactive elements. Those wfth 
long periods cloar.ly"change> only slowly, and thus senji out C(?mi{)ara- 
tively few a-_rays or /l-rays, as the case may be, whilst a similar 
quantity of a .short-period element sends out rays - much more! 
prof'ji^jy. Moreover, kie a-rays sent out by the' slowly-changing 
elements have a much lower velocity, and consequently much 
smaller penetrating power, than those -provided by the elements 
which change rapidly. In fact it is possible to calculate the period 
of half-change from the velocity of the u-rays expelled from tin' 
substance—a method very useful in cases, like that of the thorium 
(," referred to above, where the period cannot bo determined directly. 

Since, therefore, the short-period elements are much more active 
than the elements with long periods, it is easy to understand why 
radium, which has a period of half-change of only 1,690 years, should 
be much more active than uranium, which has a period of 6 x lO'-* 
years. Of course those members of the series which have half¬ 
change periods measurable in days or hours, would—if they could 
be prepared in the same quantities as radium—constitute an even 
mdle pob nt source of radioactivity. But preparations containing 
such bodies necessarily have only temporary activity, and soon 
become transformed to other substances. Moreover, there is no 
means of obtaining short-lived bodies except in very minute quan¬ 
tities, since, owmg to their very instability, the short-lived bodies 
exist in the ores of uranium and thorium in much smaller quantities 
than the long-period elements. 

Radioactive Series. It is now possible to resume the study of 
the “ genealogical table ” of the elements derived from uranium I 
as “ ancestor.” The most probable version of the facts is given 
below i'll tabular form.^ The table also shows the somewhqt 
Analogous series of elements which spring from thorium as original 
ancestor. Subsequent work may show that the two lines are really 
separate branches, as it were, of the s^mo family ; but the facts, so 

far as they are known at present, do not indicate this as beingTik^ly. 

< • 

* J. H. L. Johititone and B. B. BoUwood, Phil. Mag. 40 50, consider 

that the series as here given does not account for all th^,facts. They consider 
vaijous possible m» Jifications of the table, with special reference to the point 
where the “ branching " of the series into the radium and actinium branches 
occurs ; but they conclude-that “ none of the tlieorics appear to satisfy the 
necessary requirements.’* Conceivably the actinium family forms a series 
distinct from thewiranium family. See Gf. Kirsch, Phys. Zeitsch. 21 (1920), 
462 j ^A. Piejoard and E. Stahel, Phya. Zeilscl^ 23 (1922), 1. 




' Tho letters a or /) pliuied beside each of the arrows iiulicak’ wlicther 
!in«w- or /l-particle is expelled at tho ranmont of the transformation 
in questior^ ^t will be noticed that uranium f[ gk'es rise to two 
separate procfucts,<ind the scries branches at thus point. There Ls, 
however, a little doubt as to tho exact state of affSirs here. Lower 
down, another parent, radium C, also gives two products, one 
through the expulsion of an 51 -particle, and tho other through the 
expulsion of a /f-parlicle^ but hero it is pfobable tlflit each jjroduct 
gives rise to radium D at the next st^p. A similar “ t)rancRing^’» 
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. Tklw of tlM el,jTi,nte inoI,rtled in the table just giveti are gaseous 
at or<3^narJ terapepturos, namely fadium emanation, aftinimn 
emanatioh.afid tlior.t^^ emanatign. All these are chemically in^t 
gases, simikr in fthej^ncal Iiroperties to the inert gases of OrdUb 0 
. of.the Periodie Table, but very active in producing mys Sls^ 

sCi™! 

When a salt of radium is dissolved in water, and a current of air 
18 passed through the solution into the ionization chamber of a 
charged electroscope, it is found that the air has become a good 
. o//'l;'«tnc,ty, for the leaf of the electroscope drops tery 

S I's f 'jy that the air has carrid oul 

with It some of the emanation or radioactive gas, wMch.is beine 
piO( need continually by the radiuiii of the solution ^ 

Although chemically inert, radium emanation is unstable in the 

soltr!a7‘' r". to atoms of the 

solid radium A which in turn gives rise to radium B ; and in due 

. course radium (, also appears. These substances cling to the walls 

of the vessel contammg the emanation, or settle to the bottom 

forjpmg an ■ active deposit.” The production of an active deposit 

cm a subsUnce immersed in radium emanation occurs most readily 

If the substance in question is negatively electrified. If, in the 

■swept out of the ionization chamber ” by a current of ordinary air 
he electroscope continues to indicate the presence of radioactive 
substances which are, in fact, the radium A, radium B and radium C 
clinging to the platce and walls of the chamber. All these substances 
are highly active, biih-j'rst because they are highly active-they 
are short-lived and finally change to the compaAtively long-lived 
and very feebly active siibsiance, radium D. However, even this 
■substance undergoes a slow transformation, radium E being pro- 
.ruced ; radium E changes into polonium (or radium F), which in 
turn prciduces radium (1, the ” end-jiroduct ” of the series ; radiuiA 
G IS indistinguishable in chemical iirpperties from pure leacl, and • 
It IS probable-as will be shown below-that much of the so?ci4Iod 
i. always found in uranium orc,s, is really radiilm G 

It should be pointed out that the quantity pf a*c«vt deposit is 
usually so smalP-as to be absolutely invisible; its presence upon 
the surface of a substance, or on the walls of a vessel, is only detected 
by the lomzatwn and other effects produced by the rays given off. 

Ra^oactlve'Equilibrlum. If a mass^of uranium I is imagined 
to be taken and shut up for a.few mihion years in a place from which 
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none ot tho ia(Mnj)(!r.s of the s(!fiea (n^t iwt'* *J‘" Volatile radium 
, emanation) can escape, tt is glear that i« the loarsi! of ti*ie, all the 
mombera of the series down^to radihm G, tlto And ^roduot% wili 
rojike their appearance. At "first, the later nicim)er.s of tl^e*series 
will bo ))resent only in small arnoiints, but gr^ually flh* (Quantities 
of the.s« later Inemlx'rs will inerea.se, niltil a |tatf,of “ radioactir^e 
.equilibrium ” is arrived at. In a .state of “ radioactiv(W!quilibriu(e,” 
th(( amount of cVery member in the series,^xcept the llr.st and last, 
remains appro.ximatoly constant, tho nuinlwr of atoms of given 
substance lost, during any given time, through change into its 
“ offspring ” being r(,)UghV equal to tln^ number of fr^e.sh atoms 
derived by tho transformation of the “ ijarent.” For instance, the 
number of atoms of ionium turning to radium each day would be 
((qual to the number of atoms of radium changing to radium' 
emanat.i»)nTn tin' same time ; the amount of radium present would 
therefore remain constant. follows that rvhen a state of radio- 
aetive equililirium is reached, the rvdio of radium to uranium I ceases 
to i.icrea.se further, but reniains rougtdy (auistant, being inflepen- 
dent of any further period during wliieli the sid)stances are stored. 

.Most of the uranium ores found in the rocks of the earth have, 
been “stored ” under suitable conditions, and for a sullickmt time, 
to bring aboid. appro.ximate “ radioactive e()uilit)rium.” In these 
(!as, s, the ratio of the radium to the uranium shoidd ha^e beeXme 
pruciically constant.. Careful analysis' has shown that, in the 
majority of uranium ores occurring in rocks of ditTcrent ages and 
dilferent localities, the ratio 

Ivadium (jontent 
Ur.anium Content 

varies be|.we(‘n .'MM I >: KC’and 3'.32() >, Hr'. The practical con¬ 
stancy of the value in such ca.scs certaiidy sup|)orts the view that 
the wlmle of the radium in the minerals has been deriv'd by tho 
jjreakdown of the uranium atoms. The ral io of actinium t'kuranium 
ii'. minerals is also found to be constant.- 

• On tho oth('r hand. the amount of “ lead ' (or, properly, of radium 
(J) found in*the minerals increa.scs with their age. In minerals 
fqpnd in rocks which solidiTied in “ Caiboniferous ” time, the ratio • 
* “ Ijcad ” Content 

Uranium Content 

^ H. Hcimtuui aiul \V. Murrk\vnt(t, Vhy.t. Zrilscti. 14 (Ii)13), 303. K?coiit 
rescurchcH by S. C. Lind and ],. ja. Koljorts, JfA?ner. Chan. Soc. 42 (1920), 
1170, put tho ratio of raditim and nrnninm in radionclivo equilibrium at 
3-40 X lO'k • , * 

“ 8. Meyer and V. F. Htjps, Sitzung.'iber. Akatl. Wits, Wien, 1^8 [2»J (1919), 
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is..0'041 ; thos^ wliiofo verj formed in the preceding “ Devonian ” 
epoch ha^eia highfrirafio, ,0-045 ;* “ SilurM ”' minerals carry lead 
jn tljfe ratio O-Osk uhilst the'oldest rocks of all, dating from “ Pre- 
GambVian ”* tim«, contain lead anS uranium in ratios varyj^g 
from fl’lS t(yO-20. 'jiyh^s increase,of “ lead ” with age is thought to 
indicate that tfie fcj^d-lik# constituent of the ores(radium u) is 
really the end-product, and docs not tend itself to decay giving ris^ 
to other shostanoosA .There is, of course, no nteana of proving 
defifiit^ly that radium G does not undergo a very slow change ; but 
as far as w-e can tell, it is stable. 

It is worth noticing at this point that the property of radio¬ 
activity is mainly confined to elements of high atomic weight, and 
as we pas.s to atoms of atomic weight less than 206, the atoms 
, appear for the most jiart to be stable. It is true that salts of 
potassium and rubidiutn do give off ^-particles, but‘thrro is no 
definite evidence that tln^y come fri^m the atomic nucleus, or that 
they indicate a change analogous to those occurring in radioactive 
substances. There are also facts known which suggest that copper 
may have a species of radioactivity,^ but this quest ion must bo 
, regarded as still undecided. 

In all uranium ores, the long-lived members of the series, such as 
uranium I, ionium and radium, are present in far greater amount 
thifti thoifo members which have atoms of short average life. A 
little consideration will .show that this must necessarily bo the case. 
A consequence is that, whilst the long-lived members of the scries 
can best be isolated by extraction from the naturally occurring ores, 
the short-lived members are practically never prepared in this way ; 
they can, however, be obtained in small, often invisible, quantities 
by the method of “ growth ” in the laboratory—that i.s to say, by 
storing a preparation containing a suitable long-lived “ ancestor ” 
— until a perccjdible quantity of the short-lived body has been 
formed, after which it i.s .separated by appropriate cherilical or 
phy.sica!^ means. For in.stance, radium A, B and C w'ould--in 
jAactice- be prepared in the laboratory from a salt of radium Ijy 
allow’ing the emanation to produce an active deposit upon a wire or 
on the .side of the vessel; they would i^)t be e.xtractcS directly.from 
' a naturally occurring uranium ore. Similarly in tho case of the 
thorium scries^ thfc only elements sufficiently permanent to be 
worth extracting direct from thorium ores are jthoriSm itself and 
mejothorium I. «Tho more short-lived members, if required, must 
• 

‘ A. Holmes, Proc. Roy. Soc. 85 [A] (1911), 248 ; B. B. BoUwood, Amer. 
J. Sci. 23 (1907), IJ. The ratio of thoriunf to lead is discussed by A. Holmes 
• and R. AV. Lawson, Phil. Mag. 28 (1914), 823, 

• 2 G.*HoffiAmn, Ann. Phya. (1920), 738. 
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be grown in tlie laborat’or/ Th*^tabicthoond ^ the chapter,' 
which indicates the fcotliod of preparing each tadioactitetelemcnl, 
*niakes this point clear. • * i ' • 

^ince the short-lived bodies arc usually prodil^d in quiyitities 
so small as*to bo unwcighablo and invisible, ih^ is naffusally some 
diffidultjk in sqiarating them chemical^' froij^ tho much larger 
amounts of long-lived dements -with w'hich they are us«ally mKcd- 
Whore a raefe truce of some radioactive sijjjstanoe ha^o be pre¬ 
cipitated from a Mution, it is usually lust to add a small (Jitwifity 
of some non-radioactive metal wiiich would also bo precipitated 
under the same conditions. For instance, if we desire to^ separate 
a trace of uranium Xj from uranium I by precipitating the former 
■n'ith ammonium carbonate, it is best—as mentioned above—to add 
a little iron (ferric) salt to the solution, and then to add the 
ammonitipi iSirbonate. 'Phe precipitate (consisting mainly of ferric 
hydroxide) affords the ncce.ssaj^y nuclei for the precipitation of the 
metal uranium X,, and the pi-eparation of that metal, although 
greatly dilut.(^d with inactive iron, is at least tolerably free 'from 
uranium I and otluw radioactive inii)urities. 

(,'losply connected with the method just doscrihed is the process 
of separating by sek«:tive adsorption. If a solution containing 
actinium B, actinium (h and actinium 1), is shaken -n-ith animal 
char, oal, the actinium 1) is taken up by the charcoal, whilst tie 
other .substances remain in solution. A rather similar method has 
been applied to sejmrate traces of uranium X,^ from uranium Xj ; 
the solution is filtered through moist tanlalic acid ; tantalum is 
chemically related to uranium Xj, and the tantalic acid adsorbs 
the uranium X.j whilst the. ui'anium X, jri.sses through. 

Radioactive Elements and the Periodic Table.^ It was 
explained in the introduction that the Atomic Number of an 
element (the number xvhich decides the place in which the clement 
is to fall'in the Periodic Table) is equal to the number of electrons 
surrounding the nucleus ; consequently, if the atom as a whole i^ 
to Re electrically neutral, the Atomic Number must also be equrl 
to the “ net positive charge ” of the nucleus. If this be accepted, 
*’it becomes possible to predict 4ho chemical character of the product 
of «icn stage of radioactive change. 

Uranium J i^ fin element belonging to Group VIa the Periodic 
Table, and has a peeitive valency of 6. Its Atomic Number is 92. 
The element, as stated above, gives off a-rays, a ne'^ metal uranivJm 
Xi being left behind. If one a-particlo is given off from each atom 
which undergoes change, and cfich a-particlc has a positive charge 
equivalent to twice the charge of the electi'on, then the net positive 
’ F. Soddy, Trans. Chem. Stf. 115 (1919), 1. 
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charge of the jfucleu* 4 reduced by two unfts. In other words, the 
aVomio ijumbor is, reduced from *92 to 90* BiA a reference to the 
, Periodic Table aivfn in the »lntroduction (page 24), ivill show .that 
the ^uare* oorrR.uonding to the Atomic Number of 90 is alre|idy 
occupied Jljy tl‘o ^iiijent thorijim. Therefore, we sIiAuld expect 
‘uranium Xi ejese^y to it-semble thorium in (‘liemical pro^eHies. 
IJxfjsriment^l investigation has shown that it is not merely similar, 
but chemWally identijjiil. Uranium X, differs f»oni Thorium only 
in tad'daetive |iropcrtics, and in atomic weight; 'the atomic weight 
of uranium X, must clearly be 4 units less than uranium (238), since 
the mass of the a-particle (or helium liucleiis) is 4; therefore the 
atomic weight of uranium X, is 234, whilst that of thorium is 232. 
It is thought, therefore, that the uranium X, atom differs from the 
thorium atom in the mass and .size of the nucleus, but that the 

net charge ” of the nucleus is the .same in each casr*; ^liis means 
that the number of electrons outsi(l(^ the nucleus is t hi' same in each 
ca.so, and, if f lu^ arrangement of the electrons is similar, it is (^asy to 
understand why both elements have identical chemical properties. 
Uranium X, is said to be an “ Isotope” of Thorium. 

The chemistry of uranium X, can therefore be summed up in a 
single sentence ; “ it is a tetravalent element of (Iroup IV^A, cliemi- 
eally identical with thorium.” 'I'he same line of reasoning can now 
b? applif-d to predict the projierties of the next radioactive element, 
lhanium X, emits a /1-particle, ])roducing uranium Xj. The loss 
of a negatively charged /J-particlc must result in the increase of the 
net positive charge of the nucleus liy one unit, and therefore in the 
increase of the atomic number by one to 91. Hence w'e may expect 
to find uranium X., in the space marked 91 in the Periodic Table; 
that means that it will be a pentavalent clement belonging to 
Uroup Va. This fact also has been v<‘7-ified. Uranium X.. Is a 
metal generally similar to tantalum, which stands above it in the 
same group, although not, of course, chemically ideittical (or 
isotopil;) with it. , 

• Uranium Xj loses another /j-jiarticie and givixs liso to uranium 11. 
According to the same principles, uraniinn 11 should have an atonfic 
number of 92 and thus share a sjiac^ in the Table 'with urapium Iff 
This is found to l)e the case. Uranium II is actually chAuigally 
identical witl^ uriftiium I, although its atomic weight is low* than 
that of uranium I by about four units, the wejght rif dho a-particlo 
({pr the lo.ss of«weight due to the expulsion of the two /1-particles 
can be neglected). In jshort, uranium JI is an isotope of uranium I. 

The properties of the products of further change can be predicted 
according to tke same rule ; the loss of an a-particle always causes a 
shifi'of tifo places to the left^ in the PerioSic Table, whilst that of a 
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^-particle cattles a sMft^f o^ie pla(^ to the right. Tho disr'-very of the 

nilo, wjis»n!lade iwdependenffy Soddy and Russell 

Enjjand, and blj Fajans in tjlorman^, has been of the very greatest 

impOji^iance in CTiffclating tho chemical and radioactive propesties 

of the eknfionts. . \ • / 

® * * • # 

Tho effect ofthcjjjic changes is shown in tabular fdrm onT>agc443. 

It will be^neticed that tho application of the rule brings radium into 
Group IIa ; radium is^in point of fact, a divalenffmetal, chemically 
siniil*”,* although not identical with, barium. It likewise brings 
radium emanation (also called niton) into Group 0, along with the 
inert gages helium, neon, argon, krypton and xenon—a position 
which entirely accords with the chemical properties of the emana¬ 
tion. 

The rule can furthermore be applied to the actinium branch of 
the uranium series, and also to the thorium series, aftd never fails 
to indicate results in accordance with experimentally determined 
facts. 

In* the table just given, all the rarlioactive substances i% any 
given vertical column, are isotopic with one another, having the 
same atomic number and therefore sharing the .same square in the 
Periodic Table jwoper. In certain ca.ses this square is also occupied 
b^ some common element, such as thallium, lead or bismuth, which 
displays^no radioactive properties and which is also found in nature 
in largo quantities far apart from the radioactive elements. 

It will be noticed that there appear to be seven radioactive 
elements isotopic with lead, whilst there are five isotopic vith 
polonium, and five isotopic with thorium. In each case, the isotopes 
appear to possess identical chemical properties, but differ, usually, 
in atomic weight, as well as in radioactiv'e behaviour. Since tho 
chemical properties of isotopes are identical, it appears impossible— 
at any rate, at first sighh—t(j separate, by chemical means, two 
isotopic substances occurring together in a mixture. For Ihey will 
both \M precipitated by the .same reagents, and redlssolved under 
Tdentical conditions. Nevertheless it is possible, in many eftses, 
to obtain individual isotope.s in a pure .state, by indirect means. 
For instance, radiothoriuin occurs aWng with thorium, in thorium 
ores, and no amount of industry will enable us to .separate tho rariio- 
thorium fron» the thorium by chemical raethogls. ^But meso- 
thorium I also occurs in the ores, and can be si^raratld fairly easily 
fr*m the thoriufc ; if tho mesothorium salt solution is then stored 
for a few months, radipthorium i.s developed spontaneously in it, 
and can bo separated from the mesotjiorium without serious trouble. 
In this way, rafliothoriufti, free from thorium, is obtained. 

It'will life understood, froju a glance at^ht table just given, why 
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the end-product Mie radiu|» family (radiulii 0) iniisfUj an isotope 
of lead ; fai^tho prej^ditig mojnbe^, (polojiutp)’whiffy undoubted!^ 
.belongs to Group VIb, certainly gives olT Ji-rays'whigh wo'uki throw 
radium G intt/ Group IVb. l^adium tJ should* jjliffer’jn atQitiic ' 
weij^ht from uranium I by 8 X 4 ~ 32 units, sin'je djglit o^parlicles 
are gjven oft in the production of radium G uraniunt 1, The ^ 
atomic wSight of the eud-product, thei'eforc, shoiildV) 23S 32 - - 

2Q6. The at()mic weight of ordinary lead derived from t^nmeiA .d 
lead ores is 207-2*^ Jf, as has been assumod abo;^e, the lead-like 
element occurring in uranium ores is really radium G, its >!rtomie. 
weight should bo lower th^n that of ordinary lead. The, atomic 
weight of the so-called “ lead ” derived from uranium ores,existing 
in different parts of the world has been determined, and has been 
found to vary between 20(i-4 and 203-8. ‘ It is |)robable, therefore, 
t.hat the “ apparent lead ” of uranium ores doe.s (.ajirsist largely of 
the isotop«, fadium G, which has been derived from the uranium 
l)y a process of radioactive dec'»y. 

Now lead occurs also in thorium ores. If the thorium ores 
contafc more thorium than uranium, the atomic weight, instead of 
being abnormally low, is usually abnormally high, in one case 
reaching 207-!).- This “lead” probably consists in part of the 
end-product of the thorium series, Thorium E, an isotope of lead, 
which, being derived from thorium (atomic weight 232) by the lojjs 
of six n-particles, should have an atomic weight 
232 - - (G X 4) -= 208. 

It has been suggested that ordinary lead, with atomic weight 
207-2, may be a mixture of “uranium lead” (of atomic weight 
about 20G) and “ thorium lead ” (of atomic weight about 208). 
'rile fact that ordinary lead behaves as a single substance in all 
chemical reactions constitutes no valid objection to this view, 
because the two isotopes would be chemically inseparable, and 
would remain mixed in the same proportions - no matter in what 
chpmical changes the lead is made to take part. ' 

Isotopes of the Non-radioactive Elements. 'I’hc suggestion 
just made i.s roajly a .special case of a more general theory that has 
*now the support of many eminent chemists and physicists. As 
early as 1815, Prout pointed out that a large ^iroportion of the 
atomic weigjfts l^y close to whole numbers. Since tl»t time, more 
accurate determinations of atomic weights have tended to confirm 

♦ . 

' T. W. Richards and M. E. Lembort, J. Amet. (them. Soc. 36 {1914), 1329 ; 
T. W. Richards and C. Wadsworth, J. A7ner. Chem. Soc. 38 (1910), 2013. 

* K. Fajans, ZeitM-h. ElcktrochenA 24 (1918), 1^3. See al^so F. Soddy and 
n. Hyman, Tremn. Chem. 105 (1914), 14l)2. ^ « 
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C 12l<005 
N - 14-0()H 
t F li) 0 
Nil 23-0() 
I’ -;{i()4 
S = 32-(M) 
('ll - 4(l-(»7 


Ndvv tjiis iipiiroxiniatioii to whole numbers can hardly he acci¬ 
dental. Ncverthekw.s, there are some very notable exeeiitions ; 
for example, the atomic weight of chlorine ha.s been determined 
with great accuracy and is found to be 3.')-4(). Among the. heavier 
elements, the exceptions become exceedingly commbn.* 

If, however, it i.s possible to believe that “ chlorine,” for instance, 
is a mixture of two isotopes inseparable by any chemical method, 
it is tjuite pos.sible that each of the isotopes have an atomic ITeight 
w'hich is a whole number, and that the value ;!5-4() oidy represents 
the average weight of the atoms composing the mixture. The same 
possibility would apply to other apparent exceptions to Front’s 
generalization. 

In orcfhr to settle this question, it i.s neccs.sary to consider whether 
isotopes- in sjiite of their ajiparent identity of chemical character 
—could not be .separated in .some way. There are theoretical 
reasons for thinking that even the purely chemical properties of 
isotopes may differ to a minute (extent; but the differences have 
hitherto proved to be too slight to be capable of detection, and 
even if discovered would almost certainly b(> quite insufficient as a 
basis of !i separation process.' The .same applies to the electro¬ 
chemical properties ; it has been found, for instance, that the 
potential of an electrode coated with radium O peroxide is not 
apprecIJibly different from one covered with lead peroxide.- • 

* Attempts have been made to carry out the fractional cry.ltal- 
lization of lead nitrate containing radium G nitratq, but no separ¬ 
ation has been effected ; for the mojecular soluhilities of t^e two* 
.salts are identical, and therefore the ciy.stals deposited contain 
atom.s of the tjwo fsotopes in exactly the same proportjpns as they 
exist in the solution." , * 

^ F. A. LiiiUoinaim ami F. W. A.ston, P/ii/. Mar/. .47 (1919), .523. 

“ (I. von Hevosy and K* I’anoth, Monatsh. 36 (191.5), 795. 

I* T. W. Kichards and N. F. Hall, ./. Anwr. Cktiin. Soc. 39 (1917), 531 ,* 
T. W. Richards #ut W. (1. ^(duirnb, ,/. Awrr. (Jhem. ,S'or.t40 (1918), 1403 ; 
K. Kagans and M. Lmnhcrt, Zrittirli. Atinni. 95 (1910), 297. 
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The mass of tie’aton^s o^*two isotopes differs^ in ^nost eases, bf 
an appreciJsj^lo amov^t. It is of interes'jto fio^icfs tijat ^he speoiqe 
parities of the isotopes, *lead*and radiuhi 0, aMo ^differ, Mauj^ing 
to one anotherTn the ratio of tly^ atomic weights,^ss,f that,the at^io * 
vol-ame of ^hc two isotopes is identical,^ It is ;/^)q« tlio ilinference 
in a^opiio mass that the mo.st hojieful sphefnil foij the shparation, 
of the isdtopes Sepends. No success has yet b,X‘n niet wilii in the 
saparation of, radioactive isotopes, but efforts made sepaViU' 
the lighter clemel^ts, such as chlorine, intodwo c*)inponei^ts h^ve 
been so far successful as to Indicate—in a fairly satisfactory i-ffaimer 
- that several of the so-caljed “elements ” really consist of atoms 
of at least two difl'ertuit kinds. > 

If a gas imusi.sts of a mi.vture of tveo isotopes, the more mobile 
(lonstitucnt should be capable of diffusing through a porous par¬ 
tition slightly more readily than tln^ heavier constituent. Hy a 
])r(,iccss oft “ fractional dilfusion,” therefore, repeated many times, 
we might hope to resolve the fnixture into the, two constituents. 
The process is, however, a most laborious one, because the difference 
ill dilBisive powers is extremely small. Ntwertheless, in I‘,)l.‘i -I4, 
Aston obtained results which led him to bilieve that the inert gas, 
neon, could be separated, in this way, into two isotopes ; un¬ 
fortunately the war prevented the work of separation from being 
completed. More recently, Harkins ^ has ap])li(al a similairmctluvl 
to till resolution of chlorine. By the continued fractional diffusion 
of hydrogen chloride, ho seiiarated the gas into a light and heavy 
portion, which are regarded as containing two varhdies of chlorine 
atoms, of atomic weight 35 and 37 respectively. A rather similar 
mfdhod has lately been applierl to separati^ mercury into a light 
and lu'uvy portion; although the prc.s.svor of (he isotopes 

is identical, the velocity of c.mijxinilion is greatest in 1 he casi' of the 
lighter isotojie. By repeated fractional evaporation of ordinary 
pure mercury a separation into two portions, differing in density 
by as much as 0-49 per cent. ha.s been obtained,’' 

Much more definite results, however, are obtained bj' Astop,, 
throligh the employment of an electrical method b,ascd upon ar 
apparatfls knojm as the “ mass spectrograph.” * It was 
*oxplairyd in the introductifJt that when an electric dtscharge 
pasSks^between nudal electrodes through a gas at ^ery low pressure, 
free iJectroi^s ^'ic.athode rays") are shot out from'the cathode; 

^ T. W. Kiehurds unil C. Wudswortli, ./, Amer, Chcni. S^e. 38 (1916), 2^. 

' VV. D. Harkins, Nature., 105 (192(1), 230. 

' ,f. N. Bronsted and (1. Hoveay, mi. Mag. ii (1922), 31. 

‘ F. W. Aston, mi. Mag. 38 (1919), 707 : 39 (1920), 611 ; 40 (1920), 828 ; 
42 (1921), 140, 436; Set. Progr. f5 (1920), 21J ; Trans, ifjhem. Soe. 119 
(1921), 677 : F. W. Aston ntyl R. H. Fowler, PAif. Mag. 43 (1^2), ■';^4. 
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it has been foiinci that* under the saf|.e oircuifislrances positively 
charged partioles'C'pcsitii'e ray,*”) jire also,produce^"-probably 
through *ollisiop of the cathode ray particfes with the gaseous mole-» 
• cul*;; Th^'pos^i’^a ray pal-tioles tjavel in the opitosite direction 
to thp, cathode namely towards the cathode ; if t,he cathode 
is pierced* by an apAtwe, a pent'il of the particles can bo ob.tqined 
and their proportic# examined. Most of the, positiVe ray'particles 
appiar t(^be atoms or molecules which have lost ,one or moxo 
electrons. ' , t } 

A st»jam of positive ray particles can be deflected in their course 
by an olectro.static field, and also by ,a jmwerful magnetic field, 
although, they are far less seasitive to such influences than the 
lighter cathode ray particles, and, being positively charged, are 
drawn out of then' course in tlie opposite direction. The “ mass 
spectrograph,” shown diagrammatically in Fig. !)1, is an apparatus 



Fia. 91.—Mass Spectrograph (Diugrainrniitic). 


in which a thin ribbon-like beam of jjositive ray particles admitted 
through the slits Sj and suffers deflection, first by an electro¬ 
static field (provided by the electrified plates P„ P.) and then by a 
magnetic field provided by the magnet M, being finally brought 
to focus upon the surface of the photographic plate,-AB. The 
arrangement is such that the position on the plate of the point 
where the rays strike the sensitive surface depends upon the ratio 

charge upon a particle 
ma.ss of a particle 

If we confine our attention for th#t moment to particles .which 
carry unit charge (having lost one electron only), then the heawer 
particles will sitrike the plate at the near end (A),,thej)arti^es of 
intermediate mass in the middle, and the light j^rtiefts towards the 
fa* end (B). Ilfis obvious thab if the stream consists of particles 
of one size only they \^ill all strike the plate at the same point, 
and we shall, on developing the pljte, get a “ positive ray spec¬ 
trum ” consisting of a sftigle line. If a few of the particles carry 




^RAI*OAOTIVITY 449 

a double char^ a seconc? faintgr lino m'ajf jio jjradueod at some 
^ distance tjVin the fjst, ,|nd’|iossibly a'child iuie, slill jfaintor and 
more remote,^may be produced, if particles with thrci? cfi^arges are 
present. But, so long as all the particles arj;'*-of one sizer the’ 
spectrum produced is simple. If, however, ^tiio parJioles Vonsist 
of two Imds (Jifiering from each other ihgfitly'ini mass, the result 
is far more complicated. Each of the lines will "become dc^uhle. 
By studying carefully the positions of the lines it i». po&sible 'to 
arrive at the ma^es of the particles that cause them. The “ posi¬ 
tive ray spectrum ” of chlorine, for instance, has been interpreted as 
showing that chlorine consists of two kinds of atoms, having atomic 
weights 35 and 37 respectively; there are no particles bf atomic 
weight 35-46 present, although the two kinds of particles must be 
mixed in ^uch a proportion that the average, weight of the atom is 
35-46. On jlhe other hand, it has been shown, by means of the 
positive-ray spectrum, that hydrogen, helium, carbon, nitrogen, 
oxygen, phosphorus aivd sulp'liur are all “ pure ” elements, con¬ 
sisting of atoms of one size only. All these are cases, it slionld be 
noticed, in which the atomic weights have long been known to lie 
very close to whole numbers. Elements like chlorine (35-46), 
bromine (79-92) and mercury (200-6) are shown to consist, in each 
case, of a mixture of isotopes, the atomic weight of each isotope 
being an exact whole number. 

Thus it seems that Prout’s “ Whole Number Rule ”■ has, after a 
century of uncertainty, proved to bo substantially true. The only 
definite exception to the rule that all atomic weights are exact 
whole numbers is hydrogen, which has an atomic weight 1-008. 
Theoretical explanations for the slight deviation of this—the 
lightest of all elements—from the rule have been offered. It seems 
not unlikely that the atomic weights of certain other elements may 
differ very slightly from whole numbers ; for instance, that the mass 
of the lytrogen atom may be 14-016.* 

If once it be admitted that many of the so-called elem-^rts are 
really mixtures of two isotopes, a good many other puzzling fact?, 
receive an explanation. Chemists have long been troubled by the 
Fact tlfiit the atomic weight of tellurium exceeds that of iodu)e, 
alfjjioffgh it clearly occupies a^lace prior to it m the Periodic Table. 
Much work has been devoted in the past to attempting by chemical 
means to ^oW that “ tellurium ” is really a mixtm-e of two sub¬ 
stances, the more important component having a ti^re atomic weight 
below that of iodine. All attempts to resolve it into two substances 
failed. But if, as is now believed, the tw6 components are really 

* Sir E. Butherford -"*3 J. Chadwick, PhU. Mag. 42 (192?), 826b 

M.O.—VOL. I. ’ 00 
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isotopes, the fornihs failure to ,separate them chemically need 
occasion uc surprise# “ ' ' '■ ^ 

F};rther, if it be admitted that the weights of individual atoms 
are dpproximat^ij'^ whole numbers,-^it is legitimate to speculate 
on the ju which fhe atomic nucleus is built upA It vrould sdfem 
that the nucleus of all“atoms is made up by combination of-units 
having atonpe wei^it approximately 1-0, and this common unit is 
presumabl_> the hydrogen nucleus ; the fact that ^ydrugen appearS 
to be ]?rocluced when nitrogen suffers bombarejiment by a-rays 
gives considerable support to this view. The hydrogen nucleus 
can thus be regarded as the unit of positive electricity, just as the 
electron is regarded as the unit of negative electricity. It is neces¬ 
sary to assume that the nucleus of all atoms (except hydrogen) 
also contains negative electrons, since the atomic num'ber repre¬ 
senting the net nuclear charge is never as high as the atomic weight. 
If we write for the hydrogen nucleus, and /} for the election, then 
the a-particle (or helium nucleus) may be written ; for it 
has a mass of four units, and a net positive charge of two units. 

Probably, the nuclei of the higher (radioactive) atoms contain 
a-particles as such, since a-particles are given off so frequently 
in radioactive changes. It is also worthy of attention that several 
of the commonest elements have atomic weights which are exact 
multiple" of 4, and in these cases the atomic nuclei are possibly made 
up by the union of a-particles. The elements having atomic 
weights divisible by four actually make up 85 per cent, of the 
earth’s crust, and 93 per cent, of the material of meteorites, which 
are the only samples which we receive of the extra-terrestrial uni¬ 
verse. If we agree that “ abundance ” is a measure of “ atomic 
stability,” then it would appear that atoms having weights which 
are exact multiples of that of the a-particle are exceptionally stable. 
Harkins represents the striictures of these atoms thus;— 


^*l£elium 

Carbon 

Oxygen 

Neon 

Magnesium. 
Silicon 
Sulphuih . 


Atomic Weight. 
a 4 



12 

a# 

16 

Us 

20'- 


24 ' ■ 

“7 

28 0 

<h » 

(. o32 • 


0 


Those elements which have n®t atomic weights equal to exact 
multiples of four must be imagined to contain extra hydrogen nuclei 
in ad^tion to a-particles. This suggestion has received confirma- 
‘ ■’ o 

. ‘ Vt. V. Harkins, PhyasRev. 15 {1920),’ 73; R’. ’hiMog. 42 (1921), 305. 
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orl^ bj(* Rutherford *ia (.jiiaowioK.'^ It wafe 
stated eaflk in this^hapter tfcat nitrogo»L (aioijic'' weigh^ 14), whgn 
bombarded'with a-partiBles, “gives rise T;o cortaltv swiftl/ moj.ring 
particles whiof) are believed tji bo hySi'ogen u4uj^i. \t has%4nce* 
beoii foun<J that boron (11), fluorine (19), sodi'»‘.u,(2,9)^*lUiMinium 
(27)^ ^nd phosphorus (31) give sinfllar p^tic4es,<ivlyoh arc probably, 
also hydTogen huclei. It is noteworthy that r*no 6f the elements 
just mentioiVJd have atomic weights which are multigl<'<J of for.*; 
elements like carbon (12), oxygen (16) add sulphur (32j, wjjich 
have atomic weights equal to exact multi))les of four, showlfio such 
effect. It is conchided therefore that atoms of the foiincr class 
contain (in addition to a closely packed nucleus built up of csparticles 
of mass 4|, two or three hydrogen nuclei probably moving round 
the main nucleus in small orbits a.s satellites ; when such elements 
are bombarded with a-particles, a hydrogen satellite may occasion¬ 
ally bo kpodked away from the main nucleus, and escapes from the 
system as one of the swiftly ■lOving particles referred to above. 

List of Radioactive Substances. To complete the chapter, a 
hst is given of the known radioactive substances, showing the 
character of the rays given out by each, the period of half-change, 
the group of the Periodic System to which the element belongs, 
the chemical character and the usual means of preparation. 

In the column indicating the radiation jmxluced, the IcackctYd 
symbol {ji) or (y) is intended to denote that (1- or y-rays of low 
penetrating power are given off. 

The period of half-change is itself a key to the intensity of the 
radioactivity possessed by a substance ; those elements having 
a short period arc the. most active, but, at the same time, the most 
ephemeral. 

The chemical character is expressed very shortly, because in 
every case the element is described in the later volumes of this 
book, oi;is isotopic with some other element, the properties of which 
are there described. ^ 

, Finally, in the right-hand column, reference is made to o*; 
jjo^ible method of obtaining a preparation containing the individu; 1 

, elemerft in queition. Further details of the method.and of alter- 

nativd, methods—must be fought elsewhere.^ The information 
given is, liowever, sufficient to make clear whpt has been stated 
above, nai*iel|f*that only the stable, long-lived materials occur in 
the ores in sufficieift quantity to makos their direeji extraction prac¬ 
ticable. The short-lived substances must be “ grown ” in the 
laboratory. * 

‘ Sir E. Rutherford and J. ChaSwick, Phil. ^ag. 42 (PJ21), 809. 

• F. Soddy, ‘' Chemistry•>£ Radioactive Elemqpits " (Longrgans, <Jreon' 

M.O.—VOL. I. Q Q* 
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. . ' f' ^ , 1 , 

. Summary. 'Ra(Uoac4ive suljstancin give oC coirjiinuously 
either a-particfes Ji^diflica^with {lelimn n^oley»or /^-p^oles (free 
electionsj. J^he'-expulsion )?-particles is often accompanied by* 
'the'production (\^'y-rays (which a#o analogous to X-rays). All 
these'lays'.affect iv-photographic plate, and cause centain phos¬ 
phorescent substalices' tcv glow. The o-particles. when striking 
matter cause a risQ of temperature, sometimes chemical decom¬ 
position, an^, in the case of gases, ionization ; this latter property, 
which is possessed also*by fi- and y-rays, is usedtfor the measyje,- 
ment oi radioactivity. In certain cases, bombardment by a- 
particles may cause the disintegration of* the nuclei of other atoms, 
with the'formation of H-particles, or hydrogen nuclei. 

The atoms which lose a- or ^-particles themselves super change 
in the process ; this radioactive change differs from chemical change 
in that the velocity is independent of temperature, solvents, cata¬ 
lysts, or .state of combination. Uranium I in losing an d.-particle, 
generates uranium Xj, which loses U ^-particle, yielding uranium 
Xj. I The changes continue until at last wo come to radium G, which 
is chemically identical with lead, and which appears to be stable. 
The so-called “ lead ” of uranium minerals is mainly radium G, 
differing from ordinary lead in having an abnormally low atomic 
weight. On the other hand, the so-called “ lead ” of thorium 
mineral* has an abnormally high atomic weight, and is probably 
mainly thorium E, the end-product of the “ thorium series.” Most 
uranium minerals have reached a state of “ radioactive equili¬ 
brium ” ; the ratio Ra: U is constant for minerals of different 
geological ages, but the ratio Pb : U (or strictly RaG : U) increases 
with the age of the mineral. All those minerals contain “ long- 
lived ” elements (such as uranium, radium, thorium and meso- 
thorium I) in quantities sufficient to make their extraction possible ; 
the elements with short periods occur only in minute quantities 
in minerals and must be prepared by “ growth ” in the lajioratory. 

When an element loses an a-particle, it changes to an element 
•"cupying a space two places to the left in the Periodic Table ; if 
a p-particlo is expelled, there is a shift of one place to the rigljt. 
By this rule, the chemical character of radioactive substatees cai^ 
be predicted. We frequently find 'several elements occupying a 
single space in thp periodic table ; they are chemically identical— 
for all practicftil purposes—but differ in atomic ufe^ht and radio¬ 
active charactef; such elements are called '* isotopes.” Radio- 
aeWe isotopes cannot be sepatated by chemical means, but can 
in most cases be prepared free from one another, by “ growth ” 
under suitable conditions. > 

It; is npw knownw.that non-radioact ».ie e lements, which have 
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atomic THjpights’tnai are n*t whqje numb&p, a^^r&lly mixturos^bf 
isotopes. ' i^or in8t%nco,^tw(f sep&rate toetliows Jonfe depending ,on 
* diffusion, an<^ one upon the ‘deflectioij of positive rajs) Spp^r to^ 
indicate that chlorine, with average atomifi /Jeighfe ” 36^®, is* 
re^Plly a mixture of two atoms of aiomi^'- wpiicr}i*#i .In 
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